
i 
i 
i 
I 

i 

I 

i 

! 

I 

I 
I 

i 
I 

I .  

I 
i 

I 

i 

I 
I 
i 

1 
. !  

I 

* .  

GPO PRICE $ 

a 

CSFTI PRICE(S) $ 

Hard copy (HC) d L G c /  s 
Microfiche (MF) 

ff 653 Julv 65 

t . . .  
r .  . '  

ON THE R E L A T I O N S H I P  BETWEEN R E C E N T  MEASUREMENTS -------------------- 
OF C O S M I C  ---- RAY E L E C T R O N S  -------L-,------,, NON-THERMAL R A D I O  

EMISSION FROM THE GAL9XY AND THE SOLAR --p-----'------------------ 

Y. R ,  ,:IEBBER 

S c h o o l  o f  P h y s i c s  and Astronomy 

U n i v e r s i t y  o f  Minnesota  

Eii i f ieapoi i s  Minnesota e 

J a n u a r y  1968 

ADP 43 

c- q 7 
P. ' 

. 
.r' .' 

I 
"'e 

I 

J I 

THE UNIVERSITY OF ADELAIDE 1 ' 

\ 

(CODE) 

(NASA C R  O R  TMX O R  AD NUMBER) 



ON THE RELATIONSHIP BETWEEN RECENT MEASUREMENTS ------ -----------u__--- 

OF COSMIC RAY ELECTRONS NON-THERMAL R A D I O  

EMISSION FROM THE GALAXY AND THE SOLAR 

------I- ,1,,-,,---,---- 

---I----------- 

MODULATION OF COSMIC RAYS+ 
e--- 

W. R. WEBBER* 

School  of P h y s i c s  and Astronomy 

U n i v e r s i t y  of  Minnesota  

Minneapo l i s ,  Minnesota .  

J a n u a r y  1968 

ADP 43 

* C u r r e n t l y  a t  t h e  U n i v e r s i t y  of A d e l a i d e ,  A d e l a i d e ,  

Sou th  A u s t r a l i a .  

+Research  s u p p o r t e d  by  NASA Gran t  NSG-281-62. 

J a n u a r y  1968. 



.. , 
ABSTRACT ------ 

U t i l i z i n g  r e c e n t  measurements of  t h e  c o s m i c  r a y  e l e c t r o n  

spec t rum a t  t h e  e a r t h  and t h e  e f f e c t s  of s o l a r  modu la t ion  on 

t h i s  spec t rum we have d e t e r m i n e d  p o s s i b l e  l i m i t s  on t h e  l o c a l  

i n t e r s t e l l a r  e l e c t r o n  spec t rum.  Synchro t ron  e m i s s i o n  f rom 

t h e s e  i n t e r z t e l l a r  e l e c t r o n s  i s  t h e n  compared w i t h  t h e  l o c a l  

( d i s k )  volume e m i s s i v i t y  of non-thermal  r a d i o  e m i s s i o n  as  

deduced  f rom a s t u d y  of r a d i o  i n t e n s i t y  p r o f i l e s  a l o n g  t h e  

g a l a c t i c  e q u a t o r .  The d e t a i l e d  spectrum and magni tude  of r a d i o  

e m i s s i v i t y  c a n  be r e p r o d u a e d  f rom t h e  e l e c t r o n  spec t rum o n l y  I 

f o r  very  s t r i n g e n t  c o n d i t i d n s  o n  t h e  magnitude of t h e  l o c a l  

i n t e r s t e l l a r  magne t i c  f i e l d ,  and t h e  amount of s o l a r  modu la t ion  

of cosmic rays .  S p e c i f i c a l l y  it i s  f o u n d  t h a t  B, w 7 p G ,  and t h e  

r e s i d u a l  modu la t ion  p a r a m e t e r  KR !x 0.75. BV. If s o l a r  mod- 

u l a t i o n  e f f e c t s  on t h e  cosmic r a y  e l e c t r o n  component a r e  

n e g l i g i b l e  t h e n  an i m p l a u s i b l y  h igh  l o c a l  f i e l d  fi: 20 p G  i s  

r e q u i r e d .  

If t h e  l o c a l  i n t e r s t e l l a r  e l e c t r o n  spec t rum which b e s t  

r e p r o d u c e s  t h e  spec t rum of l o c a l  r a d i o  e m i s s i v i t y  

i s  compared wk-gh t h e  e l e c r t r o n s  e x p e c t e d  a s  s e c o n d a r i e s  f rom 

cosmic  r a y  c o l l i s i o n s  i n  t h e  g a l a x y ,  it i s  found t h a t  most 

e l e c t r o n s  5 300 MeV may o r i g i n a t e  v i a  t h e  secondary  mechanism 

r a t h e r  t h a n  b e  d i r e c t l y  a c c e l e r a t e d  as a r e  t h e  h i g h e r  ene rgy  



e l e c t r o n s .  

Adapt ion  of t h i s  l o c a l  i n t e r s t e l l a r  e l e c t r o n  spec t rum 

which i s  q u i t e  d i f f e r e n t  f rom t h a t  a t  t h e  e a r t h  a l s o  g r e a t l y  

m o d i f i e s  t h e  i n t e r p r e t a t i o n  of t h e  e f f e c t s  of  i n t e r s t e l l a r  

a b s o r p t i o n  by i o n i z e d  hydrogen on t h e  low f r e q u e n c y  end of t h e  

r a d i o  spec t rum.  Emiss ion  measures of <0.5cm pc ,  20cm pc 

and 103cm-6pc a r e  f o u n d  i n  t h e  p o l a r ,  a n t i - c e n t r e  and 

-6 -6 

g a l a c t i c  c e n t e r  d i r e c t i o n s  r e s p e c t i v e l y .  These v a l u e s  a r e  

s u b s t a n t i a l l y  below e a r l i e r  e s t i m a t e s  and  would seem t o  r u l e  

o u t  t h e  e x i s t e n c e  of a l a r g e  H r e g i o n  abou t  t h e  sun,  f o r  

example.  
I1 

F i n a l l y  w e  n o t e  t h a t  t h e  i n t e r s t e l l a r  i n t e n s i t y  of 

cosmic r a y  n u o l e i  above 30 MeV deduced u s i n g  a r e s i d u a l  

m o d u l a t i o n  c o n s t a n t  = 0.75 BV i s  i n a d e q u a t e  by two o r d e r s  of  

magni tude  t o  produce  t h e  r e q u i r e d  h e a t i n g  of i n t e r s t e l l a r  

HII c l o u d s .  If t h i s  h e a t i n g  i s  produced by cosmic  r a y s  i t  

must b e  c a u s e d  b y  a low e n e r g y  component w i t h  a v e r y  s t e e p  

spec t rum.  It i s  a r g u e d  t h a t  such a component might  a r i s e , f r o m  

cosmic  r a y  e m i s s i o n  f r o m  s o l a r  t y p e  s t a r s  i n  t h e  g a l a x y .  
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I n t r o d u c t i o n  
-1--1-- 

I n  t h i s  p a p e r  we p r o p o s e  t o  re-examine t h e  f a m i l i a r  

compar ison  between d a t a  on p r imary  cosmic  ray e l e c t r o n s  

and non- thermal  r a d i o  e m i s s i o n  f r o m  t h e  g a l a x y .  T h i s  

s t u d y  i s  made i n  t h e  l i g h t  of r e c e n t  measurements  of t h e  

e x t r a - t e r r e s t r i a l  e l e c t r o n  i n t e n s i t y  n e a r  t h e  e a r t h  i n  t h e  

e n e r g y  r a n g e  15-200 MeV ( J o k i p i i ,  L'Heureux and Meyer, 1967;  

Webber, 1 9 6 8 )  which i n d i c a t e  a much l o w e r  i n t e n s i t y  t h a n  

h e r e t o f o r  assumed. I n  a d d i t i o n  t h e  f i r s t  measurements of 

s o l a r  modu la t ion  e f f e c t s  on t h e  e l e c t r o n  component have 

r e c e n t l y  b e e n  c a r r i e d  o u t  (Webber, 1967,  L'Heureux e t .  a l . ,  

1 9 6 7 ) .  These measurements  e n a b l e  u s e f u l  l i m i t s  on t h e  

e l e c t r o n  spec t rum i n  t h e  l o c a l  r e g i o n  of i n t e r s t e l l a r  s p a c e  

t o  b e  deducled f rom t h e  spec t rum observed  n e a r  t h e  e a r t h .  

The s i g n i f i c a n c e  of t h i s  e x t r a p o l a t i o n  l i e s  i n  t h e  

f a c t  t h a t  t h e  i n t e r s t e l l a r  e l e c t r o n  spec t rum can  t h e n  be 

r e l a t e d  v i a  t h e  s y n c h r o t r o n  p r o c e s s  t o  t h e  non t h e r m a l  

r a d i o  e m i s s i v i t y  of n e a r b y  space .  I n  t h i s  approach  o u r  

s t u d y  d i f f e r s  i m p o r t a n t l y  f rom most e a r l i e r  a t t e m p t s  which 

have  compared t h e  measured e l e c t r o n  spec t rum a t  e a r t h  ( u s u a l l y  

w i t h o u t  a n y  c o n s i d e r a t i o n  of s o l a r  modu la t ion  e f f e c t s )  w i t h  

t h e  r a d i o  e m i s s i o n  which i s  assumed t o  emanate f r o m  t h e  

g a l a c t i c  h a l o ,  i n f e r r i n g  a c h a r a c t e r i s t i c  h a l o  magne t i c  

f i e l d  i n  t h e  p r o c e s s .  It i s  c l e a r  t h a t  a compar ison  
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w i t h  the ,  .- l o c a l  r a d i o  e m i s s i v i t y  i s  much more r e l e v a n t  

and t h i s  compar i son  i s  g r e a t l y  f a c i l i t a t e d  by s i g n i f -  

i c a n t  new measurements  of t h e  f e a t u r e s  of non- thermal  
I 

r a d i o  e m i s s i o n  f r o m  t h e  ga l axy .  I n  o r d e r  t o  d e t e r m i n e  

t h e  l o c a l  r a d i o  e m i s s i v i t y  i t  i s  n e c e s s a r y  t o  u t i l i z e  

b o t h  h i g h  and  low r e s o l u t i o n  r a d i o  measurements  t o  

d e t e r m i n e  t h e  r e l a t i v e  impor t ance  o f  e m i s s i o n  f rom t h e  

g a l a c t i c  d i s k ,  t h e  h a l o ,  and f rom o u t s i d e  t h e  g a l a x y .  

S a t e l l i t e  and ground b a s e d  o b s e r v a t i o n s  have now d e f i n e d  

t h e  p o l a r  r a d i o  spec t rum i n  t h e  1-10 MHz r a n g e ,  and  

measurements  o f  t h e  Hobar t  g roup  have define-d t h e  d i s k  

component - f o r  a l l  b u t  t h e  l o w e s t  f r e q u e n c i e s .  A t  h i g h e r  

f r e q u e n c i e s  t h e  work o f  t h e  Cambridge group h a s  b e e n  

c o m p l e t e l y  r e v i s e d  and ex tended .  

The compar ison  be tween t h e  p r imary  e l e c t r o n  

spec t rum and t h e  non- thermal  r a d i o  spec t rum h a s  i m p o r t a n t  

consequences  w i t h  r e g a r d  t o  t h e  s o l a r  modu la t ion  of cosmic 

rays .  I t  i s  g e n e r a l l y  a e c e p t e d  t h a t  even  a t  t h e  t i m e  of 

minimum s o l a r  a c t i v i t y  t h e r e  remains  an a p p r e c i a b l e  r e s i d -  

u a l  s o l a r  modu la t ion  f o r  t h e  n u c l e o n i c  components o f  t h e  

cosmic  r a d i a t i o n .  Even though t h e r e  i s  much more a c c u r a t e  

i n f o r m a t i o n  on t h e  s o l a r  modula t ion  of n u c l e i  t h a n  f o r  

e l e c t r o n s  i t  i s  no t  p o s s i b l e  a t  t h e  p r e s e n t  t i m e  t o  

d e t e r m i n e  t h e  magnitude of t h e  r e s i d u a l  modu la t ion  f rom 
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t h e s e  s t u d % e s .  As a r e s u l t ,  d i f f e r e n c e s  of  a f a c t o r  of  

1000  e x i s t  i n  t h e  e x t r a p o l a t e d  i n t e n s i t i e s  o f  cosmio 

r a y  n u c l e i !  (compare Durgaprasad  e t ,  a l . ,  (1967) and 

Balasubrahmanyan e t  a1  . (1967) ) 

On t h e  o t h e r  hand t h e  comparison be tween t h e  

p r imary  e l e c t r o n  spec t rum and t h e  non-thermal  r a d i o  

spec t rum p r o v i d e s  i m p o r t a n t  c o n s t r a i n t s  on t h e  magni t -  

ude of t h e  e l e c t r o n  modula t ion .  This, i n  t u r n ,  may be 

u s e d  t o  s e t  l i m i t s  on t h e  modu la t ion  o f  n u c l e i ,  A 

compar ison  of  t h e  modu la t ion  e x p e r i e n c e d  by e l e c t r o n s  

and by  n u c l e i  w i l l  a l l o w  one t o  d i s t i n g u i s h  be tween  

c o n t r i b u t i o n s  due t o  r i g i d i t y  and  v e l o c i t y  dependen t  

modu la t ion  and hence  l e a d  t o  d e f i n i t i v e  c o n c l u s i o n s  

r e g a r d i n g  t h e  mechanism and magnitude of t h e  s o l a r  

m o d u l a t i o n .  

We now summarize t h e  approach  t o  b e  used  i n  t h i s  

p a p e r .  

(1) The e l e c t r o n  spec t rum measured a t  t h e  e a r t h  

i n  1966 w i l l  be p r e s e n t e d .  T h i s  spec t rum 

i s  now q u i t e  a c c u r a t e l y  known be tween a b o u t  

5 MeV and 6 BeV energy .  

(2) The e f f e c t s  of s o l a r  modula t ion  on t h i s  spec t rum w i l l  
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be d i s c u s s e d .  Although major  u n c e r t a i n t i e s  s t i l l  e x i s t  i n  o u r  

knowledge of t h e  magnitude and energy dependence  of  t h i s  modul- 

a t i o n ,  s u f f i c i e n t l y  a c c u r a t e  l i m i t s  on t h e  i n t e r s t e l l a r  e l e c t r o n  

spec t rum c a n  be  s e t  t o  e n a b l e  a u s e f u l  compar ison  w i t h  t h e  non- 

I t h e r m a l  r a d i o  emis s ion .  

( 3 )  The demodula ted  ( i n t e r s t e l l a r )  e l e c t r o n  spec t rum w i l l  t h e n  

be r e l a t e d  t o :  

(a )  The c a l c u l a t i o n s  o f  "secondary" e l e c t r o n s  produced  by 

cosmic ray  n u c l e i  moving i n  t h e  g a l a x y .  An a t t e m p t  w i l l  be 

made t o  s e p a r a t e  t h e  s o - c a l l e d  "pr imary"  and "secondary"  

components of e l e c t r o n s  as a f u n c t i o n  of  energy .  

( b )  The o b s e r v a t i o n s  of non-thermal  r a d i o  e m i s s i o n  as  

deduced  f o r  t h e  l o c a l  r e g i o n  o f  t h e  d i s k .  C r u c i a l  t o  t h i s  

compar i son  i s  t h e  s t r e n g t h  o f  t h e  l o c a l  g a l a c t i c  magne t i c  

f i e l d .  C e r t a i n  l i m i t s  as  t o  t h e  s t r e n g t h  of  t h i s  f i e l d  

w i l l  b e  o b t a i n e d .  

THE PRIMARY ELECTRON SPECTRUM ------------------ 
The measurements  on t h e  pr imary  e l e c t r o n  spec t rum 

a p p r o p r i a t e  t o  1966 a r e  summarized i n  F i g u r e  1. Our measure- 

ments (Beed le  and Webber, 1 9 6 7 )  and t h o s e  o f  L'Heureux (1967)  

a r e  s e e n  t o  b e  i n  e x c e l l e n t  agreement o v e r  t h e  e n e r g y  r a n g e  

200 MeV t o  6BeV o v e r  which r a n g e  t h e  e l e c t r o n  spec t rum can  b e  
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r e p r e s e n t e d  by 

d j  (10 - + 2)xlO2 e l e c t r o n s  -- - __I-------- --I-------- - 
dE E 1s55  - t- m2-ster-sec-MeV 

S i m i l a r l y  o u r  work and  t h a t  o f  C l i n e  e t .  a l .  ( 1 9 6 4 )  i n  t h e  e n e r g y  

r a n g e  below 20 MeV a r e  c o n s i s t e n t .  I n  t h i s  e n e r g y  r a n g e  t h e r e  

i s  c o n s i d e r a b l y  more u n c e r t a i n t y  r e g a r d i n g  t h e  s p e c t r u m ,  however.  

A s p e c t r u m  embrac ing  all measurements  c a n  b e  r e p r e s e n t e d  by 

e l e c t r o n s  

d E  
1.8 + 0.2 - E m2 - s t e r - s e c  

The d e r i v a t i o n  of  t h e  spec t rum i n  t h e  20-200 MeV r a n g e  h a s  b e e n  

d i s c u s s e d  i n  t w o  r e s e n t  p u b l i c a t i o n s ,  (Webber, 1 9 6 8 ;  J o k i p i i ,  

L 'Heureux and Meyer, 1967). It  i s  i n  t h i s  e n e r g y  r a n g e  t h a t  a 

s i g n i f i c a n t  k i n k  i n  t h e  e l e c t r o n  spec t rum o c c u r s .  T h i s  k i n k  i s  

a p p a r e n t  i n  b o t h  measurements .  It p l a y s  a c r u c i a l  r o l e  i n  o u r  

s u b s e q u e n t  compar i son  of  t h e  e l e c t r o n  s p e c t r u m  w i t h  t h e  non- 

t h e r m a l  r a d i o  e m i s s i o n .  

A t  l e a s t  t h r e e  measurements  o f  t h e  e l e c t r o n  s p e c t r u m  above  

1 0  BeV p r e s e n t l y  e x i s t .  ( B l e e k e r  e t .  a l .  1967;  D a n i e l  and  

S t e p h e n s ,  1967 ;  and  Danjo e t .  a l .  1 9 6 7 ) .  We r e g a r d  t h e  i n t e g r a l  

measurement  of D a n i e l  and  S t e p h e n s  above  1 6  BeV a s  t h e  most 

r e l i a b l e  - s i n c e  t h e  e n e r g y  is d e f i n e d  a c c u r a t e l y  by  t h e  w e l l  

known g e o m a g n e t i c  c u t - o f f .  Assuming a d i f f e r e n t i a l  spec t rum 

j ( E )  = K e / E 2 . 4  above 1 6  B e V  allows u s  t o  p l o t  t h e  D a n i e l  and  

S t e p h e n s  p o i n t  a s  i s  shown i n  F i g u r e  2.  The measurement of 
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1’Heureux  (1967) does  n o t  g i v e  a n  i n t e g r a l  f l u x  above t h e  h igh -  

e s t  d i f f e r e n t i a l  e n e r g y  i f i t e r v a l ,  however, Beedle  and Webber 

(1967) o b t a i n  a f l u x  of 4.5 - + 0 , 5  e l e c t r o n s  /m2-s t e r - sec  above 

6 BeV. Comparing t h i s  i n t e g r a l  v a l u e  w i t h  t h e  i n t e g r a l  v a l u e  

o b t a i n e d  by  Dan ie l  and S t e p h e n s  a t  t h e  e q u a t o r  a l l o w s  u s  t o  

o b t a i n  t h e  d i f f e r e n t i a l  f l u x  i n  t h e  6-16 BeV i n t e r v a l  a s  shown 

i n  F i g u r e  2. It i s  e v i d e n t  tha t ;  a s i m p l e  e x t e n s i o n  o f  t h e  

spec’trum measured below 6 BeV w i l l  n o t  f i t  t h e  d a t a  a t  h i g h e r  

e n e r g i e s .  The dashed  l i n e  i n  F igu re  2 i s  o u r  b e s t  e s t i m a t e  

of t h e  spec t rum between a b o u t  6 and 25 B e V ,  Thus i t  a p p e a r s  

t h a t  t h e r e  i s  a change of s l o p e  i n  t h e  p r i m a r y  e l e c t r o n  spec -  

t rum a t  -6  BeV, and be tween 6 BeV and 25 BeV 

dJ 1 . 6 ~ 1 0 ~  e l e c t r o n s  

dE ~ 2 . 4  m2 -ster-sec-MeV 

- -  - 

The o c c u r r e n c e  o f  such  a b reak ,  a r i s i n g  as a r e s u l t  of 

t h e  d e g r a d a t i o n  of t h e  h i g h  e n e r g y  p a r t  o f  e l e c t r o n  spec t rum 

t h r o u g h  t h e  i n t e r a c t i o n  w i t h  t h e  cosmic 3 black body r a d i a t i o n  0 

h a s  been  t h e  s u b j e o t  of  much d i s c u s s i o n  s i n c e  t h e  o r i g i n a l  

o b s e r v a t i o n s  o f  D a n i e l  and S tephens  (1966) .  It i s  n o t  o u r  

p u r p o s e  h e r e  t o  add f u r t h e r  s p e c u l a t i o n  t o  t h i s  q u e s t i o n .  As 

w i l l  b e  s e e n  l a t e r  t h e  r a d i o  ev idence  f o r  such  a b r e a k  i s  a t  

l e a s t  p a r t i a l l y  o b s c u r e d  by r a d i o  e m i s s i o n  f rom t h i s  3 r a d i a t -  

i o n  i t s e l f  above 1 0 0 0  Mhze We p r e s e n t  o u r  b e s t  e s t i m a t e  of 

0 

t h e  h i g h  e n e r g y  p a r t  o f  t h e  e l e c t r o n  spee t rum s o  t h a t  t h e  
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e f f e c t s  o f  solar m o d u l a t i o n  on t h e  spec t rum a t  l o w  e n e r g i e s  may 

be  more f u l l y  a p p r e c i a t e d .  

SOLAR MODULATION OF ELECTRONS AND THE . . . . . . . . . . . . . . . . . . . . . .  
INTERSTELLAR ELECTRON SPECTRUM ------------- 

I n  o r d e r  t o  g a i n  some i n s i g h t  i n t o  t h e  problem of t h e  

s o l a r  n o d u l a t i o n  o f  e l e c t r o n s  l e t  u s  b r i e f l y  summarize t h e  

c u r r e n t  s i t u a t i o n  w i t h  r e g a r d  t o  t h e  m o d u l a t i o n  of  cosmic r a y  

p r o t o n s .  F o r  t h e s e  p a r t i c l e s  t h e  g e n e r a l l y  r e c o g n i z e d  f o r m  for 

t h e  m o d u l a t i o n  may be  w r i t t e n  (Nagashima, Dugga l  a n d  Pomeran tz ,  

1 9 6 5 )  

where n ( r o )  and n(m) a r e  t h e  d e n s i t i e s  o f  cosmic r a y s  a t  t h e  

e a r t h  a n d  i n  i n t e r s t e l l a r  s p a c e  ( o u t s i d e  o f  t h e  r e g i o n  o f  

s o l a r  m o d u l a t i o n )  r e s p e c t i v e l y .  The q u a n t i t y  D i s  t h e  d i f f u s -  

i o n  c o e f f i c i e n t  d e s c r i b i n g  t h e  motion of t h e  p a r t i c l e s  i n  t h e  

s o l a r  m a g n e t i c  f i e l d s  t h a t  p e r m i a t e  i n t e r p l a n e t a r y  space .  

i s  a q u a n t i t y  r e l a t e d  most d i r e c t l y  t o  t h e  b u l k  ou tward  KR 
v e l o c i t y  of t h e  s o l a r  p lasma ( t h e  s o l a r  w i n d )  and  t o  t h e  

e x t e n t  o f  t h e  r e g i o n  o f  modu la t ion  a b o u t  t h e  sun .  D i s  

d e p e n d e n t  on t h e  r i g i d i t y  and  s p e c i e s  o f  t h e  p a r t i c l e  i n  

q u e s t i o n  b u t  KR i s  i n d e p e n d e n t  of t h e s e  p a r a m e t e r s .  D can and  



h a s  been  a c c u r a t e l y  e v a l u a t e d  o v e r  a wide r a n g e  o f  r i g i d i t i e s  

by s t u d y i n g  t h e  r i g i d i t y  dependence of t h e  p r o t o n  and  h e l i u m  

v a r i a t i o n s .  The e x p e r i m e n t a l  r e s u l t s  and t h e o r e t i o a l  p r e d i c t -  

i o n s  a r e  i n  r e a s o n a b l e  aocord  on  most p o i n t s  (Webber, 1967) .  

It h a s  n o t  y e t  been  p o s s i b l e  t o  e v a l u a t e  t h e  a b s o l u t e  v a l u e  

of KR e x p e r i m e n t a l l y  (and t h e r e f o r e  t h e  t o t a l  modu la t ion  

e x i s t i n g  between t h e  e a r t h  and i n t e r s t e l l a r  s p a c e )  - a l t h o u g h  

v a r i o u s  l i m i t s  oan  b e  s e t  on t h e  b a s i s  of t h e o r e t i c a l  models 

(e.g. Quenby, 1967) .  G e n e r a l l y  t h e  v a l u e s  of  KR o b t a i n e d  i n  

t h i s  way a re  -0.5 (BO) ,  It is a l s o  p o s s i b l e  t o  e s t i m a t e  

KR by making o e r t a i n  a s s u m p t i o n s  r e g a r d i n g  t h e  s i m i l a r i t y  of 

t h e  demodula ted  ( i n t e r s t e l l a r )  p ro ton  and  he l ium s p e c t r a .  

Va lues  o f  KR o b t a i n e d  i n  t h i s  way have r a n g e d  f rom ~ 0 . 5  t o  

a s  l a r g e  as  2.5 BV (Balasubrahmanyan e t .  a l .  ( 1 9 6 7 ) ) .  

C o n s i d e r  p a r t i c l e s  w i t h  a n  " e f f e c t i v e  r i g i d i t y "  of 0.2 

D (200 MeV e l e c t r o n s ,  22 MeV p r o t o n s ) .  BV 

r e s i d u a l  modu la t ion  p a r a m e t e r s  KR as l a r g e  as 2BV, t h e  i n t e n s i t y  

of p a r t i c l e s  of t h i s  p a r t i c u l a r  r i g i d i t y  i n  i n t e r s t e l l a r  s p a c e  

i s  expl '  o r  2x10' t i m e s  t h a t  a t  e a r t h !  

u n c e r t a i n t i e s  i n  t h e  v a l u e  t a k e n  f o r  KR l e a d  t o  even  g r e a t e r  

u n c e r t a i n t i e s  i n  t h e  i n t e r s t e l l a r  cosmic r a y  f l u x .  R e c e n t l y  

G l o e k l e r  and  J o k i p i i  (1967)  have summarized a l l  e v i d e n c e  and 

i n t r o d u c e d  a rgumen t s  of t h e i r  own t o  s u g g e s t  t h a t  t h e  b e s t  

v a l u e  f o r  K is 0 ,9  BV, w i t h  i t  ext remely  u n l i k e l y  t h a t  K is 
R R 

g r e a t e r  t h a n  1,2 BV, 

Then i f  w e  a c c e p t  

It i s  e v i d e n t  t h a t  
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To a c t u a l l y  per form t h e  c o r r e s p o n d i n g  demodu la t ion  of t h e  

e l e c t r o n  spec t rum we r e q u i r e  a knowledge o f  t h e  r i g i d i t y  

dependence  of t h e  e l e c t r o n  modu la t ion  i t s e l f ,  t h a t  i s  t h e  

e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  f o r  e l e c t r o n s .  Two r a t h e r  

s h a r p l y  d i v e r g e n t  measurements  o f  t h e  e l e c t r o n  m o d u l a t i o n  

p r e s e n t l y  e x i s t .  Our own measurements  (Webber, 1 9 6 7 )  c o v e r i n g  

t h e  r i g i d i t y  r a n g e  0.3-2 BV, g i v e  a n  e l e c t r o n  m o d u l a t i o n  wh ich  

i s  t h e  same o r d e r  as t h a t  f o r  p r o t o n s  a t  t h e  same r i g i d i t y .  

Below 0 .3  BV we have  s u g g e s t e d  t h a t  t h e  e f f e c t i v e  e l e c t r o n  

m o d u l a t i o n  i s  i n d e p e n d e n t  of  ene rgy ,  i n  k e e p i n g  w i t h  a change-  

o v e r  t o  a p u r e l y  v e l o c i t y  dependent  m o d u l a t i o n ,  which h a s  b e e n  

o b s e r v e d  f o r  p r o t o n s  o f  t h e s e  r i g i d i t i e s  (Ormes and  Webber, 

1 9 6 8 ) .  L 'Heureux e t .  a l .  (1967)  can  f i n d  no e v i d e n c e  f o r  s o l a r  

m o d u l a t i o n  e f f e c t s  on t h e  e l e c t r o n  component and  as a r e s u l t  

s e t  a n  u p p e r  l i m i t  o f  - 0.2 for t h e  r a t i o  o f  t h e  e l e c t r o n /  

p r o t o n  m o d u l a t i o n  a t  t h e  same r i g i d i t y  i n  t h e  r a n g e  O e 3 - l  BV. 

I n  F i g u r e  2 we show t h e  e x t r a p o l a t e d  i n t e r s t e l l a r  e l e c t r o n  

i n t e n s i t i e s  u s i n g  o u r  measurements  o f  t h e  s o l a r  m o d u l a t i o n  

e f f e c t s  and  v a l u e s  of KR = 0.6 BV and 1 . 0  BV. 

a t i o n  measurements  o f  L'Heureux e t .  a l .  (1967)  a r e  used  

t h e n  t h e  i n t e r s t e l l a r  e l e c t r o n  i n t e n s i t y  i s  v i r t u a l l y  t h e  same 

as  t h a t  measured  n e a r  t h e  e a r t h  i n  1 9 6 6 ,  e v e n  f o r  r e s i d u a l  

If t h e  modul- 
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m o d u l a t i o n  p a r a m e t e r s  a s  l a r g e  as 1 BV. 

I A s  a r e s u l t ,  t h e r e  e x i s t  two r a t h e r  c l e a r  c u t  l i m i t s  on 

t h e  p o s s i b l e  i n t e r s t e l l a r  e l e c t r o n  spec t rum - depending  on which 

modu la t ion  i s  assumed f o r  t h e  e l e c t r o n s .  

COMPARISON OF ELECTRON SPECTRA W I T H  CALCULATIONS OF "SECONDARY" 
--------------I_--- 

I 

1 ELECTRONS PRODUCED I N  THE GALAXY 

Two c a n d i d a t e s  have been  proposed  f o r  t h e  s o u r c e  o f  t h e  

e n e r g e t i c  e l e c t r o n s  t h a t  are  obse rved  n e a r  t h e  e a r t h .  They 

a r e :  (1) C o l l i s i o n s  of  cosmic r a y  n u c l e i  w i t h  i n t e r s t e l l a r  

m a t e r i a l  w i t h  t h e  subsequen t  p r o d u c t i o n  of ll-mesons and decay  

muons and e l e c t r o n s ,  and ( 2 )  d i r e c t  a c c e l e r a t i o n ,  presumably ,  

a l t h o u g h  n o t  n e c e s s a r i l y ,  i n  t h e  sou rce  r e g i o n s  which a l s o  

a c c e l e r a t e  t h e  cosmic r a y  n u c l e i .  The i n t e n s i t y  of  e l e c t r o n s  

f rom t h e  f i r s t  mechanism, known as  s e c o n d a r y  e l e c t r o n s ,  can  

and h a s  b e e n  c a l c u l a t e d  u s i n g  d a t a  on t h e  c r o s s  s e c t i o n s  and  

m u l t i p l i c i t i e s  f o r  It-meson p r o d u c t i o n  and i n d e p e n d e n t  e s t i m a t e s  

of t h e  amount of  i n t e r s t e l l a r  m a t e r i a l  t h a t  t h e  cosmic r a y  n u c l e i  

have  t r a v e r s e d .  An a n a l y s i s  of t h i s  p roblem u s i n g  con tempora ry  

e s t i m a t e s  of t h e  r e l e v a n t  q u a n t i t i e s  h a s  been c a r r i e d  o u t  b y  

Ramaty and L i n g e n f e l t e r  (1966) .  T h e i r  e s t i m a t e s  of  t h i s  

s e c o n d a r y  e l e c t r o n  spec t rum f o r  t h e  l i m i t s  t h a t  t h e  e n e r g e t i c  

cosmic ray n u c l e i  have p a s s e d  through 3 and 6g/cm2 of m a t e r i a l  
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a r e  shown i n  F i g u r e  2. A comparison of t h e s e  c a l c u l a t i o n s  

w i t h  t h e  e l e c t r o n  spec t rum measured a t  e a r t h  and t h a t  estim- 

a t e d  t o  e x i s t  i n  i n t e r s t e l l a r  space i s  i l l u m i n a t i n g .  F i r s t  

we o b s e r v e  t h a t  t h e  commonly r e f e r e n c e d  s i t u a t i o n  w h e r e i n  t h e  

o b s e r v e d  e l e c t r o n  i n t e n s i t y  i s  much g r e a t e r  t h a n  t h e  p r e d i c t -  

ed "secondary"  f l u x ,  t h u s  s u g g e s t i n g  a n o t h e r  s o u r c e  f o r  t h e s e  

p a r t i c l e s ,  i s  o e r t a i n l y  e v i d e n t  above 1 BeV. However, below 

500 MeV t h e  measured i n t e n s i t y  of e l e c t r o n s  a t  e a r t h  i s  

a c t u a l l y  l e s s  t h a n  t h e  secondary  source .  Between 30 and 150 

MeV t h i s  d e f i c i e n c y  i s  a f a c t o r  of 5 .  

If t h e  o a l c u l a t e d  "secondary"  i n t e n s i t i e s  a r e  now com- 

p a r e d  w i t h  t h o s e  deduced f o r  i n t e r s t e l l a r  s p a c e  we f i n d  t h e  

two a r e  comparable  a t  e n e r g i e s  <200 MeV, i f  t h e  e l e c t r o n  

modu la t ion  measured by Webber, 1967 i s  used .  

If t h e  e l e c t r o n  modu la t ion  measurements of  L'Heureux 

e t .  a l .  (1967) a r e  t a k e n  t h e n  t h e  i n t e r s t e l l a r  e l e c t r o n  

f l u x  i n  t h e  30-200 MeV i s  i n a d e q u a t e  by a f a c t o r  of a t  l e a s t  

3 ,  t o  a c c o u n t  for t h e  e x p e c t e d  secondary  e l e c t r o n  i n t e n s i t y .  

It would b e  n e c e s s a r y  t o  assume t h a t  e n e r g e t i c  (> 1 BeV/nuc) 

cosmic  r a y  p r o t o n s  have  t r a v e l l e d  t h r o u g h  -lg/cm2 of i n t e r -  

s t e l l a r  m a t e r i a l  i n  o r d e r  t h a t  t h e  c a l c u l a t e d  secondary  

i n t e n s i t y  a g r e e s  w i t h  t h e  e x t r a p o l a t e d  i n t e r s t e l l a r  e l e c t r o n  

i n t e n s i t y .  

h e a v i e r  cosmic r a y  n u c l e i ,  o b t a i n e d  u s i n g  measurements  of 

The b e s t  v a l u e  f o r  e n e r g e t i c  (>1 BeV/nUc) 
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2 t h e  abundance of  L i ,  Be and  B n u c l e i  i s  4.5 + 1 g/cm - 

I ( S h a p i r o  and S i l b e r b e r g ,  1 9 6 7 ) .  We b e l i e v e  t h a t  i t  i s  

I r e a s o n a b l e  t o  assume t h a t  t h e  amount o f  m a t e r i a l  t r a v e r s e d  

I 

by  p r o t o n s  and  h e a v i e r  n u c l e i  i s  t h e  same and t h a t  a s u b s t a n t -  

i a l  amount of  s o l a r  m o d u l a t i o n  i s  a f f e c t i n g  t h e  l o w  e n e r g y  

I e l e c t r o n s  o b s e r v e d  a t  t h e  e a r t h .  
I We w i l l  s e e  t h a t  a comparison of t h e  low e n e r g y  i n t e r -  

I s t e l l a r  e l e c t r o n  i n t e n s i t y  and  t h e  l o c a l  low f r e q u e n c y  r a d i o  
I 

e m i s s i o n  a l s o  s u g g e s t s  t h a t  s u b s t a n t i a l  m o d u l a t i o n  o f  t h e  l o w  

e n e r g y  e l e c t r o n s  must b e  o c c u r r i n g .  I 

R E L A T I O N  BETWEEN ELECTRON SPECTRUM AND NON-THERMAL R A D I O  
----------__I------------------ 

SPECTRUM 

The s y n c h r o t r o n  mechanism i s  g e n e r a l l y  c o n s i d e r e d  t o  b e  

---I_- 

I 
r e s p o n s i b l e  f o r  most o f  t h e  non- thermal  r a d i a t i o n  f rom o u r  

g a l a x y .  S e v e r a l  a u t h o r s  (Schwinger ,  1949;  Oor t  and Walraven ,  

~ 

1 9 5 6 )  h a v e  d i s c u s s e d  t h e  t h e o r y  o f  s y n c h r o t r o n  r a d i a t i o n  and 

have  p r e s e n t e d  t h e  n e c e s s a r y  f o r m u l a e .  We s h a l l  p r e s e n t  them 

I h e r e  o n l y  i n s o f a r  a s  t h e y  a r e  r e l e v a n t  t o  o u r  a n a l y s i s .  

A r e l a t i v i s t i c  e l e c t r o n  g y r a t i n g  i n  a magne t i c  f i e l d  
-28 

g e n e r a t e s  s y n c h r o t r o n  r a d i a t i o n  a t  a r a t e  PTOT= 6x10 

where E i s  i n  MeV and  B,, t h e  p e r p e n d i c u l a r  2 2  
/ s e c  E B, e r g s  

component of t h e  magne t i c  f i e l d ,  i s  i n  mic rogauss .  The s p e c t r a l  

d i s t r i b u t i o n  of t h i s  r a d i a t i o n  i s  c h a r a c t e r i z e d  by a f r e q u e n c y  
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-5 2 u ( M H z )  = 1 . 6 ~ 1 0  E B, 
C 

w i t h  B, a g a i n  i n  p G ,  and E i n  MeV. 

The a c t u a l  s p e c t r a l  d i s t r i b u t i o n  of power e m i t t e d  b y  a 

s i n g l e  e l e c t r o n  i s  g i v e n  by  

dP - = 2 . 3 ~ 1 0 - ~ ~ F ( a ) B ,  e rgs /SecoMHz 
dv 

ci = tuT). F ( a )  h a s  been  t a b u l a t e d  ( W e s t f o l d ,  1 9 5 9 )  and  

i s  f o u n 8  t o  have a maximum a t  a -0.5 d e c r e a s i n g  as 

f o r  

a c t u a l  f a c t  t h e  f r e q u e n c y  a t  which maximum power i s  e m i t t e d  

1 (9” m 
<<I and i n  an  e x p o n e n t i a l  f a s h i o n  f o r  %>I C I n  

V 
C C 

a v  N ’  Y V C .  19 

Suppose now t h e r e  e x i s t s  a d i f f e r e n t i a l  spec t rum of  

e l e c t r o n s  g i v e n  by 

Ern 

t h e n  t h e  volume e m i s s i v i t y  of  s y n o h r o t r o n  e m i s s i o n  p e r  u n i t  

f r e q u e n c y  i n t e r v a l  i s  g i v e n  b y  

Where n ( E ) d E i s  t h e  d e n s i t y  of e l e c t r o n s  i n  t h e  e n e r g y  i n t e r v a l  

The i n t e n s i t y  o f  s y n c h r o t r o n  e m i s s i o n  a l o n g  a E t o  E and  dE. 

p a r t i c u l a r  l i n e  of s i g h t  i s  



where t h e  e x t e n t  of t h e  r a d i a t i n g  r e g i o n  i s  g i v e n  by  R. -. 

U s u a l l y  t o  o b t a i n  I(u) a number of a s sumpt ions  a r e  made: 

(1) The e l e c t r o n  d i s t r i b u t i o n  i s  i s o t r o p i c  and  n(E)  i s  

T h i s  so  c a l l e d  6 f u n c t i o n  approx ima t ion  i s  p a r t i c u l a r l y  
r 

u s e f u l  f o r  r e l a t i n g  a n  e l e c t r o n  spec t rum of c o n s t a n t  s p e c t r a l  

i n d e x  t o  t h e  spec t rum of r a d i o  emis s ion .  If t h e  e l e c t r o n  

c o n s t a n t  o v e r  t h e  r e g i o n  o f  i n t e g r a t i o n :  ( 2 )  The magne t i c  

f i e l d  i s  d i s o r d e r e d  o r  c h a o t i c .  It i s  a l s o  f r e q u e n t l y  
- 

I assumed t h a t  a l l  t h e  e m i s s i o n  t a k e s  p l a c e  a t  t h e  c h a r a c t e r i s t i c  
I 

f r e q u e n c y  v c .  

e m i s s i o n  t a k e s  t h e  p a r t i c u l a r l y  s imple  f o r m  

I n  t h i s  i n s t a n c e  t h e  s p e c t r a l  form of t h e  

I ( v ) -  v Y 

I where y i s  r e l a t e d  t o  t h e  e l e c t r o n  s p e c t r a l  exponent  by  

y = -  ( f o r  v > v  ). The i n t e n s i t y  of  e m i s s i o n  a t  a p a r t i c u l a r  

f r e q u e n c y  i s  r e l a t e d  t o  t h e  magnet ic  f i e l d  s t r e n g t h  B, t h r o u g h  

t h e  e l e c t r o n  spec t rum by 

1 -lFl 
2 C 
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I spec t rum.  

C o n s i d e r  t h e  f o l l o w i n g  examples,  The e l e c t r o n  spec t rum 
, K 

i s  g i v e n  b y  j ( E ) d E  =a above some e n e r g y  E c o r r e s p o n d i n g  ,2*2 I 
Y 

t o  t h e  c h a r a c t e r i s t i c  f r e q u e n c y  v Below t h i s  ene rgy  t h e  
G I  

1 e l e c t r o n  spec t rum i s  g i v e n  by; (1) j ( E ) d E  E 0;and ( 2 )  j ( E ) d E  = 

c o n s t .  I n  F i g u r e  3 t h e  r e l a t i v e  r a d i o , e m i s s i o n  as a f u n c t i o n  

of  f r e q u e n c y  c a l c u l a t e d  f o r  t h e s e  e l e c t r o n  s p e c t r a  u s i n g  t h e  

b - f u n c t i o n  a p p r o x i m a t i o n  and a l s o  b y  a c t u a l l y  c a r r y i n g  o u t  I 

I t h e  r e q u i r e d  i n t e g r a t i o n  u s i n g  t h e  e x p l i c i t  v a l u e s  f o r  t h e  

I f u n c t i o n  f ( a )  as  t a b u l a t e d  b y  West fo ld  (1959)  are shown. 

I The l a r g e  d i f f e r e n c e  i n  t h e  two c a l c u l a t i o n s  a t  low f r e q u e n c i e s  

i s  due ma in ly  t o  t h e  l o n g  low f r e q u e n c y  t a i l  on  t h e  f u n c t i o n  

F ( a ) .  Even f o r  an e l e c t r o n  spectrum which becomes z e r o  below 

some e n e r g y  El t h e  s y n c h r o t r o n  emiss ion  spec t rum f a l l s  o f f  no 
t 

1 

f a s t e r  t h a n  a t  low f r e q u e n c i e s .  And f o r  a d i f f e r e n t i a l  

e l e c t r o n  spec t rum t h a t  becomes c o n s t a n t ,  t h e  s y n c h r o t r o n  

spec t rum becomes a l m o s t  f l a t  a t  l o w  f r e q u e n c i e s  and shows a 

g r a d u a l  f l a t t e n i n g  becoming n o t i c e a b l e  a t  - 2 v  even though 

t h e  change  i n  t h e  e l e c t r o n  spectrum i s  a b r u p t ,  (Compare w i t h  

C 

d i s c u s s i o n  of T u r t l e ,  1 9 6 3 ) .  

I n  a p l o t  such  as F i g u r e  3 ,  t he  shape of t h e  e m i s s i o n  

spec t rum f r o m  d i f f e r e n t  r e g i o n s  should  b e  s i m i l a r  a s  l o n g  

as we assume t h a t  t h e  e l e c t r o n  spectrum i n  t h e s e  r e g i o n s  i s  

a l s o  s i m i l a r ,  however, t h i s  c u r v e  w i l l  be  d i s p l a c e d  a l o n g  

-- 

t h e  log v a x i s  by  a c o n s t a n t  amount depend ing  on t h e  r a t i o  
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of  t h e  f i e l d  s t r e n g t h s  i n  t h e  two r e g i o n s  (and  a l s o  by any  

change i n  t h e  a b s o l u t e  i n t e n s i t y  of  t h e  e l e c t r o n s  t h e m s e l v e s ) .  

C o n s i d e r a t i o n s  r e g a r d i n g  t h e  a c t u a l  d i s t r i b u t i o n  of f i e l d  

s t r e n g t h  a n d  d i r e c t i o n  a l o n g  a l i n e  of s i g h t  and d e v i a t i o n s  of 

t h e  e l e c t r o n  d i s t r i b u t i o n  f rom i s o t r o p y  may modify t h e  above 

arguments  s l i g h t l y .  We do n o t  b e l i e v e  t h a t  t h e  added compl ic -  

a t i o n  i n t r o d u c e d  by c o n s i d e r i n g  t h e s e  sff e c t s  i s  j u s t i f i e d  a t  

t h e  p r e s e n t  s t a g e  of a n a l y s i s .  

THE NON-THERMAL RADIO EMISSION PROFILES --.--------- ----I-- 

Our o b j e c t i v e  i n  t h i s  s e c t i o n  i s  t o  d e r i v e  t h e  l o c a l  

i n t e r s t e l l a r  volume e m i s s i v i t y  of' r a d i o  e m i s s i o n  c h a r a c t e r i z i n g  

a r e g i o n  0.5Kpc i n  d i a m e t e r  c e n t e r e d  on t h e  sun .  T h i s  e m i s s i v -  

i t y  w i l l  t h e n  b e  r e l a t e d  t o  t h e  i n t e r s t e l l a r  e l e c t r o n  spec t rum.  

T h i s  a p p r o a c h  d i f f e r s  f rom most of t h e  p r e v i o u s  a p p r o a c h e s ,  

(e.g. F e l t o n ,  1 9 6 6 )  where in  t h e  e l e c t r o n  measurements  n e a r  t h e  

e a r t h  a r e  r e l a t e d  d i r e c t l y  t o  r a d i o  e m i s s i o n  f r o m  t h e  g a l a c t i c  

h a l o .  

Fo r  t h e  d e r i v a t i o n  o f  t h e  l o c a l  i n t e r s t e l l a r  r a d i o  e m i s s i o n  

i t  s h a l l  b e  c o n v e n i e n t  t o  c o n s i d e r  two r e g i o n s  of t h e  r a d i o  

f r c qu ency sp e c t rum. 

(1) F r e q u e n c i e s  2 30 HMbr where i n t e r s t e l l a r  a b s o r p t i o n  

by  f r e e  e l e c t r o n s  (HII r e g i o n s )  i s  n o t  i m p o r t a n t .  

(2) F r e q u e n c i e s  < 30 MHz a n d  ex tend ing  down t o  1 MHz 
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where i n t e r s t e l l a r  a b s o r p t i o n  e f f e c t s  a r e  becoming p r o -  

g r e s : ; , ~ e l y  more i m p o r t a n t  s p a r t i c u l a r l y  i n  t h e  d i r e c t i o n  of 

t h e  g a l a c t i c  c e n t e r .  

E v e n t u a l l y  a t  t h e  l o w e s t  f r e q u e n c i e s  t h e  o p t i c a l  d e p t h  

i s  -1 a t  d i s t a n c e s  of l e s s  t h a n  1 Kpc i n  some d i r e c t i o n s  and  

i n d e e d  we a r e  s e e i n g  o n l y  t h e  s y n c h r o t r o n  e m i s s i o n  f rom 

"1 o c a 1  " e l  e c t r o n s  . 
I n  b o t h  f r e q u e n c y  r a n g e s  t h e  r a d i o  e m i s s i o n  a s  a f u n c t i o n  

of f r e q u e n c y  w i l l  b e  d e r i v e d  i n  f o u r  d i r e c t i o n s :  t h e  g a l a c t i c  

c e n t e r ,  t h e  a n t i - c e n t e r ,  t h e  n o r t h  p o l a r  r e g i o n ,  and t h e  a i r -  
e c t i o n  o f  minimum r a d i o  b r i g h t n e s s  (R.A.  - 10 h r s ,  6 ,., 40'). 

Then by a p r o c e s s  of  s u b t r a c t i o n  we s h a l l  d e r i v e  t h e  l o c a l  r a d i o  

emi s s i v  i t y  spec t rum . 
I n  t h e  c a s e  of  t h e  s p e c t r a  i n  t h e  d i r e c t i o n  of t h e  g a l -  

a c t i c  c e n t e r  and a n t i - c e n t e r  i t  i s  n e c e s s a r y  t o  u s e  s u r v e y s  

w i t h  s u f f i c i e n t l y  narrow beam wid ths  (e .g .  -1  ) t o  r e s o l v e  

t h e  g a l a c t i c  d i s k .  I n  some i n s t a n c e s  we have u t i l i z e d  s u r v e y s  

of medium r e s o l u t i o n  ( - I O 0 )  t o  s u b s t a n t i a t e  t h e  nar row beam 

d a t a  when it i s  f e l t  t h a t  t h e y  c o n t r i b u t e  a h i g h e r  l e v e l  o f  

a b s o l u t e  a c c u r a c y .  Fo r  o u r  pu rposes  t h e  a n t i c e n t e r  i s  d e f i n e d  

a s  t h e  r e g i o n  4" = 2 , b" = 175 - 185'. And t h e  c e n t e r  ?* 

= - + 2 , b "  = 350' - 10' - o m i t t i n g  t h e  s t r o n g  s o u r c e  Sgr  A 

l o c a t e d  a t  t h e  o r i g i n  of t h e  new g a l a c t i c  c o o r d i n a t e  system. 

The nar row and medium r e s o l u t i o n  su rveys  a r e  s y n t h e s i z e d  

t o  t h e s e  s p e c i f i c  r e g i o n s  u s i n g  t h e  most r e l e v a n t  

0 

0 0 

0 
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narrow beam s u r v e y ,  

I n  t h e  c a s e  of t h e  s p e c t r a  i n  t h e  n o r t h  p o l a r  r e g i o n  and 

t h e  d i r e c t i o n  of minimum r a d i o  b r i g h t n e s s  b o t h  medium 

r e s o l u t i o n  and low r e s o l u t i o n  ( -30') s t u d i e s  have been  used.  

It s h o u l d  b e  p o i n t e d  o u t  t h a t  t h e  b r i g h t n e s s  i n  t h e s e  

d i r e c t i o n s  d o e s  depend t o  some e x t e n t  on t h e  r e s o l u t i o n  of 

t h e  i n s t r u m e n t  i n v o l v e d .  (The b e t t e r  t h e  r e s o l u t i o n  t h e  

l o w e r  t h e  b r i g h t n e s s ) .  We have a t t e m p t e d  t o  a d j u s t  a l l  
I 

measurements  i n  t h e s e  d i r e c t i o n s  t o  a common a p e r a t u r e  o f  
0 0 15 x 15 a g a i n  u s i n g  t h e  most r e l e v a n t  h i g h e r  r e s o l u t i o n  

su rvey .  

I n s t a n c e s  i n  which t h e  p u b l i s h e d  b r i g h t n e s s e s  have been  

mod i f i ed  by  more t h a n  25% b y  t h e s e  a d j u s t m e n t s  a r e  n o t e d  

i n d i v i d u a l l y ,  I 
The s p e a t r a  above 1 0  MHz f o r  t h e  p o l a r  d i r e c t i o n  and 

t h e  d i r e c t i o n  o f  t h e  minimum b r i g h t n e s s  a re  shown i n  F i g u r e  

4. (The s p e c t r a  below 1 0  MHz f o r  t h e  p o l a r  r e g i o n  w i l l  b e  

, p r e s e n t e d  s e p a r a t e l y ) .  The l e t t e r s  b e s i d e  each  p o i n t  iridic- 

l a t e  t h e  a u t h o r s  r e s p o n s i b l e  f o r  each  measurement.  Measure- 

merits o f  t h e  t o t a l  p o l a r  e m i s s i o n  l e a n  h e a v i l y  on t h e  most / 

r e c e n t  work of  t h e  Cambridge group (e,g. Andrew, 1967,  P u r t o n ,  

1966 and  B r i d l e ,  1967)  which  h a s  updated  and e x t e n d e d  t h e  

e a r l i e r  work of  T u r t l e  e t ,  a l .  1963 ,  and o t h e r s .  It s h o u l d  

b e  p o i n t e d  o u t  t h a t  t h e  e m i s s i v i t y  i n  t h e  s o u t h e r n  p o l a r  

r e g i o n ,  a s  i l l u s t r a t e d  by t h e  measurements of Y a t e s  and 
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W i e l e b i n s k i  (1966)  i s  i d e n t i c a l  t o  w i t h i n  20% t o  t h a t  i n  t h e  

n o r t h e r n  p o l a r  r e g i o n .  The s o l i d  l i n e  i n  F i g u r e  4 r e p r e s e n t s  

a s imple  spec t rum of' t h e  form.  

I(v) = 3.4  x 1 0  -I6 v'Oo 60ergs/cm2-ster-sec-MHz 

There  i s  some e v i d e n o e  t h a t  t h e  spec t rum i s  becoming 

f l a t t e r  a t  t h e  l o w e r  f r e q u e n c i e s  a l t h o u g h  i t  i s  d i f f i c u l t  f o r  

u s  t o  see how a s p e c t r a l  exponent  much g r e a t e r  t h a n  0.7 c a n  b e  

t a k e n  a t  f r e q u e n c i e s  > 50 MHz. It s h o u l d  b e  n o t e d  t h a t  Anand 

e t .  a l .  (1967), u s i n g  much t h e  same d a t a  have drawn a 

smoothly v a r y i n g  c u r v e  t h r o u g h  t h e y d a t a .  T h e i r  c u r v e  

which g i v e s  a s p e o t r a l  exponent  - 0.4  a t  the l o w e s t  f r e q u e n c i e s  

i s  c e r t a i n l y  a n  a l t e r n a t i v e  f i t  t o  o u r  d a t a  p o i n t s .  I n d i v i d -  

u a l  a u t h o r s  have a l s o  t r i e d  t o  f i t  t h e i r  own d a t a  p o i n t s  and 

a r r i v e d  a t  e s s e n t i a l l y  t h e  same c o n c l u s i o n .  For  example,  

P u r t o n  (1966), Andrew (1966),  and B r i d l e  (1967)  a l l  f i n d  t h a t  

an exponen t  - 0.4 i s  most s u i t a b l e  i n  t h e  r a n g e  10-100 MHz, 

whereas  above t h i s  f r e q u e n c y  t h e y  s u p p o r t  a n  exponent  0.9. 

Y a t e s  and W i e l e b i n s k i  (1966)  f i n d  an exponent  0.5 a t  85 

MHz s l o w l y  d e c r e a s i n g  t o  0 . 3  a t  t h e  low f r e q u e n c y  end of t h e i r  

r a n g e ,  Above 85 Mc/s t h e y  f a v o u r  an exponent  -0.6. 

The e m i s s i o n  i n  t h e  d i r e c t i o n  of minimum b r i g h t n e s s  i s  

abou t  50% of t h a t  i n  t h e  p o l a r  r e g i o n .  The spec t rum i n  

t h i s  d i r e c t i o n  is n o t  as w e l l  d e f i n e d  b u t  a p p e a r s  t o  be  v e r y  
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s i m i l a r  t o  t h a t  i n  t h e  p o l a r  d i r e c t i o n .  

From o b s e r v a t i o n s  of t h e  v a r i a t i o n  of b r i g h t n e s s  and 

I s p e c t r a l  i n d e x  a c r o s s  t h e  sky a number of o b s e r v e r s  have  

a t t e m p t e d  t o  d&Bermine t h e  p e r c e n t a g e  of t h e  r a d i o  e m i s s i o n  

t h a t  c o u l d  b e  e x t r a - g a l a c t i c .  It i s  assumed t h a t  t h i s  e x t r a -  

g a l a c t i c  e m i s s i o n  i s  i s o t r o p i c  and h a s  a d i f f e r e n t  ( s t e e p e r )  

s p e c t r a l  i n d e x  t h a n  t h a t  coming from t h e  v a r i o u s  r e g i o n s  of 

t h e  g a l a x y .  The e s t i m a t e s  of t h i s  e x t r a - g a l a c t i c  component,  

a r e  shown i n  F i g u r e  4. They seem t o  d e f i n e  a spec t rum o f  

s l o p e  0.8 and of magni tude 30% o f  t h e  t o t a l  p o l a r  e m i s s i o n  

a t  - 10 MHz. If i n d e e d  t h e  e x t r a - g a l a c t i c  component h a s  such  

a s t e e p  speo t rum and i t  e x t e n d s  t o  l o w e r  f r e q u e n c i e s  t h e n  i t  

may dominate  t h e  f l a t t e n i n g  t o t a l  p o l a r  spec t rum a t  f r e q u e n c i e s  

of 1-2 MHz. T h i s  i n t e r e s t i n g  p o s s i b i l i t y  h a s  been  d i s c u s s e d  

i n  some d e t a i l  by Smith (1966) .  
I 

The s i t u a t i o n  i n  t h e  g a l a c t i c  c e n t e r  and a n t i - c e n t e r  

d i r e c t i o n s  i s  shown i n  F i g u r e  5. A t  f r e q u e n c i e s  below 38 YHz 

t h e r e  i s  a l a c k  of  h i g h  r e s o l u t i o n  d a t a  f o r  t h e  a n t i - c e n t e r  

r e g i o n .  For  t h i s  r e a s o n  we have used medium and low r e s o l u t i o n  

measurements ,  s y n t h e s i z i n g  t h e  e m i s s i v i t i e s  f o u n d  i n  t h e s e  

l o w e r  r e s o l u t i o n  s t u d i e s  t o  t h e  s t a n d a r d  a n t i - c e n t e r  d i r e c t i o n  

u s i n g  t h e  h i g h  r e s o l u t i o n  measurements of B ly the  (1957) a t  

38 ma These  a d j u s t m e n t s  amount t o  m u l t i p l y i n g  t h e  g i v e n  

low r e s o l u t i o n  r a d i o  i n t e n s i t i e s  by f a c t o r s  o f  f rom 1.1 t o  

1.3. 
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The d r a m a t i c  d e c r e a s e  i n  t h e  s p e c t r a  below 20 MHz i n  

t h e  c e n t e r  and  a n t i - c e n t e r  d i r e c t i o n s  due t o  a b s o r p t i o n  by 

i o n i z e d  hydrogen  i s  c l e a r l y  e v i d e n t .  Above abou t  30 MHz, 

however, b o t h  s p e c t r a  f o l l o w  v e r y  c l o s e l y  t h e  s o l i d  l i n e s  

, 

r which a r e  drawn f o r  s p e c t r a l  i n d i c e s  =-0 .6 .  The magnitude 

of t h e  a n t i - c e n t e r  e m i s s i o n  i s  about t w i c e  t h a t  i n  t h e  p o l a r  

d i r e c t i o n  whereas  t h e  e m i s s i o n  i n  t h e  d i r e c t i o n  of t h e  g a l a c t i c  

c e n t e r  i s  abou t  1 0  t i m e s  t h a t  i n  t h e  a n t i - c e n t e r  d i r e c t i o n .  

, 
The c h a r a c t e r i s t i c s  of t h e  spec t rum above 1 0  MHz i n  t h e  a n t i  

c e n t e r  r e g i o n  a r e  i n  f a c t  n o t  n o t i c e a b l y  d i f f e r e n t  t h a n  t h e  

spec t rum i n  t h e  p o l a r  d i r e c t i o n ,  a p o i n t  which i s  i n  agreement  

w i t h  t h e  c o n c l u s i o n s  of P u r t o n  (1966),  Andrew ( i 9 6 6 ) ,  and B r i d l e  

(1967).  

c e n t e r  i s  i d e n t i c a l  t o  t h a t  found  by Komesaroff (1961) .  

~ 

- 

The i n d e x  of-0.6 i n  t h e  d i r e c t i o n  of t h e  g a l a c t i c  

THE LOCAL DISK EMISSIVITY --- -------- 
To d e r i v e  from t h e s e  measurements a v a l u e  f o r  t h e  l o c a l  

d i s c  e m i s s i v i t y  we must f i r s t  c o n s i d e r  a s i m p l e  g e o m e t r i c a l  

p i c t u r e  f o r  t h e  g a l a c t i c  d i s c  and ha lo .  T h i s  would b e  a 

s p h e r i c a l  h a l o  of r a d i u s  15 Kpc, and a f l a t  d i s c  a l s o  of r a d i u s  

1 5  Kpc and of s e m i - t h i c k n e s s  0.4 Kpc. I n  t h i s  p i c t u r e  t h e  

s u n  i s  a t  a d i s t a n c e  of 1 0  Kpc f r o m  t h e  c e n t e r  - a p p r o x i m a t e l y  

on t h e  g a l a c t i c  e q u a t o r  ( s e e  F i g u r e  7 a ) .  

If t h e  e m i s s i v i t y  were uni form t h r o u g h o u t  t h e  d i s c  t h e  

r a t i o  o f  i n t e n s i t i e s  i n  t h e  c e n t e r - a n t i c e n t e r  d i r e c t i o n  would 
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be  5 : l .  The o b s e r v e d  r a t i o  c. 1 O : l  i n d i c a t e s  t h a t  t h e  a v e r a g e  

e m i s s i v i t y  must i n c r e a s e  a s  one moves t o w a r d s  t h e  c e n t e r  of t h e  

g a l a x y .  To  examine t h i s  b e h a v i o r  more c l o s e l y  we have  u t i l i z e d  

t h e  r e s u l t s  o f  s i x  s u r v e y s  o f  non- thermal  r a d i o  e m i s s i o n  w i t h  

s u f f i c i e n t l y  nar row beam w i d t h s  t o  r e s o l v e  t h e  g a l a c t i c  d i s k .  

F o r  b"  = 0 ( g a l a c t i c  e q u a t o r )  t h e  l o n g i t u d i n a l  v a r i a t i o n  of 

I t h e  non- thermal  component of r a d i o  e m i s s i o n  i s  p l o t t e d  i n  

F i g u r e  6 .  The d a t a  a r e  mormalized i n  t h e  a n t i - c e n t e r  d i r e c t i o n  

u s i n g  a v - o * 6  dependence  f o r  t h e  e m i s s i o n .  

The g a l a c t i c  p r o f i l e  i s  v e r y  s i m i l a r  f r o m  each  of t h e s e  

s t u d i e s  a n d  shows a n  i n c r e a s i n g  w e a l t h  o f  d e t a i l  w i t h  i n c r e a s -  

i n g  r e s o l u t i o n  ( r e l a t e d  t o  s p i r a l  arm s t r u c t u r e ,  e t c ) .  The 

i n t e n s i t y  p r o f i l e  t o  b e  e x p e c t e d  i f  t h e  e m i s s i v i t y  i s  un i fo rm 

t h r o u g h o u t  t h e  d i s k  i s  shown as curve  A. The f a c t  t h a t  t h e  
I 

o b s e r v e d  i n t e n s i t y  p r o f i l e s  f o l l o w  t h i s  c u r v e  f o r  a l l  d i r e c t i o n s  

e x c e p t  w i t h i n  50 of  t h e  g a l a c t i c  c e n t e r  i n d i c a t e s  t h a t  t h e  

e m i s s i v i t y  must be a l m o s t  i ndependen t  of r a d i u s  a t  d i s t a n c e s  

.? 10 Kpc f r o m  t h e  g a l a c t i c  c e n t e r .  T h i s  l e a d s  u s  t o  c o n s i d -  

0 

I 

I 

I e r  a v e r y  s i m p l e  p i c t u r e  f o r  e m i s s i v i t y  a s  a f u n c t i o n  o f  
I 

d i s t a n c e  o u t  t o  8 Kpc f r o m  t h e  g a l a c t i c  c e n t e r ,  

e ( T )  = c s  (4.8 - 0 . 6 r )  

r i s  i n  Kpc.,  e i s  t h e  e m i s s i v i t y  n e a r  t h e  sun .  Beyond 8 Kpc 

t h e  e m i s s i v i t y  r e m a i n s  c o n s t a n t  out t o  t h e  boundary  o f  t h e  
S 
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d i s k  a t  1 5  Kpc. The c o r r e s p o n d i n g  g a l a c t i c  d i s k  i n t e n s i t y  

p r o f i l e  i s  g i v e n  by  c u r v e  B i n  F i g u r e  6.  Approx ima te ly  a s  

I good a f i t  t o  t h e  o b s e r v e d  p r o f i l e  would b e  o b t a i n e d  if 

r (-1.6 r ) 
S 

e ( r )  = E: 
S 

( e . g .  compare w i t h  Okuda and  Tanaka, 1967) 

t h e  b i g g e s t  d i f f e r e n c e  b e i n g  i n  t h e  c o n t i n u e d  d r o p  o f f  i n  

e m i s s i v i t y  beyond I O  Kps which  i s  n o t  e v i d e n t  i n  t h e  g a l a c t i c  

d i s k  i n t e n s i t y  p r o f i l e s .  

T o  o b t a i n  t h e  e m i s s i v i t y / u n i t  volume i n  t h e  d i s k  n e a r  t h e  

s u n  i t  i s  o n l y  n e c e s s a r y  t o  d i v i d e  t h e  i n t e n s i t y  o f  r a d i o  

e m i s s i o n  i n  t h e  a n t i c e n t e r  d i r e c t i o n  by (4II)x5 Kpc., t h e  

assumed d i s t a n c e  o v e r  which t h i s  e m i s s i o n  i s  coming. T h i s  
I 

p r o c e d u r e  n e g l e c t s  t h e  e x t r a - g a l a c t i c  component which i s  -10% 

o f ,  t h e  t o t a l  e m i s s i o n  i n  t h e  a n t i c e n t e r  d i r e c t i o n .  It a l s o  

I n e g l e c t s  t h e  f a c t  t h a t  t h e  e m i s s i o n  i s  p r o b a b l y  n o t  u n i f o r m l y  

d i s t r i b u t e d  o v e r  t h e  5 Kpc d i s t a n c e  t o  t h e  boundary  b u t  i s  

I c o n c e n t r a t e d  i n  t h e  s p i r a l  arms. S i n c e  t h e  sun i s  l o c a t e d  i n  
I 

( a t  t h e  edge o f  t h e  O r i o n  arm) an arm, a c o n s i d e r a t i o n  of t h i s  ~ 

I 

I 
n o n - u n i f o r m i t y  would t e n d  t o  enhance t h e  v a l u e s  f o r  t h e  l o c a l  

e m i s s i v i t y .  

If one  were  t o  t a k e  t h e  e x p o n e n t i a l  d e c r e a s e  of  e m i s s i v i t y  

i l l u s t r a t e d  i n  F i g u r e  7 t h e  l o c a l  e m i s s i v i t y  would need  t o  be 

-1.4 t i m e s  g r e a t e r .  

I n  F i g u r e  8 we show t h e  l o c a l  e m i s s i v i t y  deduced  from 
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t h e  model i n  which t h e  e m i s s i v i t y  i s  u n i f o r m  beyond 8 Kpc. 

T h i s  l o c a l  e m i s s i v i t y  c a n  b e  r e p r e s e n t e d  b y  a fo rm 

I 

above  20 MHz, f l a t t e n i n g  a p p r e c i a b l y  a t  l o w e r  f r e q u e n c i e s .  

Before  comparing t h i s  d i r e c t l y  w i t h  t h e  e l e c t r o n  s p e c t r u m  

l e t  us a t t e m p t ,  u s i n g  t h e  above  spec t rum f o r  t h e  l o c a l  e m i s s i v -  

i t y ,  t o  d e r i v e  a c h a r a c t e r i s t i c  e n i s s i v i t y  spec t rum f o r  t h e  

h a l o .  Now a s  one  looks o u t  i n  t h e  p o l a r  d i r e c t i o n  and  t h e  

d i r e c t i o n  of  minimum non- the rma l  r a d i o  e n i s s i o n ,  c o n t r i b u t i o n s  

w i l l  o c c u r  f r o m  r a d i o  e m i s s i o n  i n  t h e  d i s k  and t h e  h a l o  as  

w e l l  a s  t h e  e x t r a - g a l a c t i c  component,  The Apectrum f rom t h e  

e x t r a - g a l a c t i c  component h a s  a l r e a d y  been  r ie i - ived ,  and u s i n g  

t h e  above  l o c a l  e m i s s i v i t y  a n d  assuming a d i s t .  s e n i - t h i c k n e s s  

of 400 p c  (Baldwin ,  1 9 6 6 )  w e  c a n  e s t i m a t e  t h a t  ?art 02 t h e  

e m i s s i o n  s p e c t r u m  f rom t h e  d i s  T h i s  tu r r -2  o u t  t: I r  " 20': 

of t h e  t o t a l  p o l a r  e m i s s i o n  - o r  comparab le  t o  t h e  e x t r a -  

g a l a c t i c  component.  

If t h e  r e m a i n i n g  emis s ion  i s  t o  b e  a s c r i b e d  t o  a s p h e r i c -  

a l  h a l o ,  t h e n  c a l l i n g  t h i s  r ema inde r  i n  t h e  p o l a r  d i r e c t i o n  

t h e  maximum h a l o ,  a n d  i n  t h e  d i r e c t i o n  of minimum r a d i o  

2 m i s s i o n  t h e  minimum h a l o ,  we have t h e  h a l o  e m i s s i v i t i e s / u n i t  

volume g i v e n  i n  F i g u r e  8. (Note t h a t  t h e  r e c e n t  e s t i m a t e  o f  

h a l o  e m i s s i v i t y  a t  81 MHz by  F e l t o n  ( 1 9 6 6 )  l i e s  a l m o s t  on  t o p  
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of  o u r  maximum h a l o  s p e c t r u m ) .  

The c h a r a c t e r i s t i c  h a l o  e m i s s i v i t y  i s  a n  o r d e r  of magn i tude  

l e s s  t h a n  t h e  l o c a l  d i s k  e m i s s i v i t y  and  i f  one t a k e s  t h e  

minimum h a l o  e m i s s i v i t y  t h e n  t h e  h a l o  i s  a v e r y  weak r a d i o  

e m i t t e r  i n d e e d  and i t  becomes r e a s o n a b l e  t o  a s k  whe the r  

t h e r e  i s  a h a l o  a t  a l l .  O f  c o u r s e  more s o p h i s t i c a t e d  models  

of  t h e  h a l o  and d i s k  d i s t r i b u t i o n s  c a n  b e  t a k e n  (e .g .  Mills, 

1959) b u t  i t  seems t h a t  t h e  c e n t r a l  p rob lem c o n c e r n s  t h e  

magni tude  and  u n i f o r m i t y  o f  t h e  d i s k  component.  If t h e r e  i s  

I " .  

I 

i 
I c o n s i d e r a b l e  s t r u c t u r e  t o  t h e  d i s k ,  i n  t h e  fo rm o f  loops and 

I s p u r s  i n  a d d i t i o n  t o  a more r e g u l a r  component o f  s e m i - t h i c k n e s s  

~ 

-400 pc .  t h e n  t h e  minimum h a l o  e m i s s i v i t y  t h a t  we have  d e r i v e d  

i s  p r o b a b l y  t h e  most r e a l i s t i c  one. 

T u r n i n g  now t o  a compar i son  of t h e  p r e v i o u s l y  d e r i v e d  

i s pec t rum of l o c a l  e m i s s i v i t y  w i t h  t h a t  t o  b e  a n t i c i p a t e d  f rom 

t h e  i n t e r s t e l l a r  e l e c t r o n  s p e c t r u m ,  t h e  s i t u a t i o n  i s  summar- 

i z e d  i n  F i g u r e  9. The manner i n  which t h i s  e m i s s i v i t y  spec -  

t r u m  v a r i e s  w i t h  t h e  magne t i c  f i e l d  s t r e n g t h  i s  g i v e n  i n  

nomogram f a s h i o n  i n  t h e  F i g u r e .  The e m i s s i v i t i e s  deduced  f r o m  

t h e  e l e c t r o n  s p e c t r a  a r e  i l l u s t r a t e d  f o r  a n  i n t e r s t e l l a r  mag- 

n e t i c  f i e l d  B, = 8 pG. T h i s  magne t i c  f i e l d  s t r e n g t h  p r o v i d e s  

a n  e x c e l l e n t  f i t  f o r  t h e  i n t e r s t e l l a r  e l e c t r o n  spec t rum 

o b t a i n e d  w i t h  a r e s i d u a l  modu la t ion  p a r a m e t e r  = 0.6 BV. Even t h e  

low f r e q u e n c y  f l a t t e n i n g  of t h e  r a d i o  spec t rum i s  r e p r o d u c e d  as  

8 r e s u l t  of t h e  f l a t t e n i n g  of t h e  e l e c t r o n  spec t rum be low 300 MeV. 

If t h e  e m i s s i v i t y  from t h e  i n t e r s t e l l a r  e l e c t r o n  spec t rum 
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d e r i v e d  u s i n g  a r e s i d u a l  modula t ion  p a r a m e t e r  of 1 .0  BV, i s  

compared w i t h  t h a t  deduced f rom t h e  r a d i o  measurements 

a weaker  magne t i c  f i e l d  (-5116) i s  r e q u i r e d  t o  produce  an 

approx ima te  agreement  e I n  t h i s  i n s t a n c e ,  however,  t h e  

e m i s s i v i t y  o b t a i n e d  from t h e  e l e c t r o n  spec t rum h a s  a n o t a b l y  

s t e e p e r  spec t rum t h a n  t h a t  deduced f rom t h e  r a d i o  measurements .  

If,  i n  t u r n ,  t h e  i n t e r s t e l l a r  e l e c t r o n  spec t rum i s  

I e s s e n t i a l l y  t h a t  measured a t  t h e  e a r t h  i n  1966 ,  t h e n  t h e  l o c a l  

i n t e r s t e l l a r  magne t i c  f i e l d  must be a t  l e a s t  1 8 ~ G  t o  even 

a p p r o x i m a t e l y  r e p r o d u c e  t h e  deduced r a d i o  e m i s s i v i t y .  The 

e m i s s i v i t y  o b t a i n e d  from t h i s  e l e c t r o n  spec t rum a l s o  h a s  a 

much f l a t t e r  spec t rum t h a n  any r e a s o n a b l e  l i m i t a t i o n  on t h e  

measured e m i s s i v i t y .  

~ 

An i n t e r s t e l l a r  f i e l d  o f  t h i s  magni tude seems much t o o  

l a r g e  i n  view of a l l  of t h e  o t h e r  o b s e r v a t i o n a l  e v i d e n c e  

(Dav ies ,  1 9 6 5 ) .  T h i s  d i f f i c u l t y  wi th  t h e  magnitude of t h e  

i n t e r s t e l l a r  f i e l d  i s  enhanced when we r e c a l l  t h a t  t h e  

I e m i s s i v i t y  deduced f r o m  t h e  r a d i o  measurements  p r o b a b l y  t e n d s  
I 

t o  b e  s l i g h t l y  u n d e r e s t i m a t e d  f o r  t h e  r e a s o n s  d i s c u s s e d  e a r l i e r .  1 

We t h e r e f o r e  b e l i e v e  t h a t  t h i s  comparison s u p p o r t s  t h e  i d e a  o f  

a l a r g e  modu la t ion  f o r  e l e c t r o n s  i n  t h e  s o l a r  envi ronment .  

I n d e e d ,  t h e  agreement  between e m i s s i v i t i e s  when an i n t e r s t e l -  

l a r  e l e c t r o n  spectrum o b t a i n e d  wi th  a r e s i d u a l  modu la t ion  

p a r a m e t e r  of O e 6  BV i s  used  g i v e s  s t r o n g  s u p p o r t  t o  t h e  

argument  t h a t  t h e  energy  dependence of t h e  s o l a r  m o d u l a t i o n  
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i s  r e a s o n a b l y  g i v e n  by t h e  form measured by Webber ( 1 9 6 7 ) .  

A f u r t h e r  o b s e r v a t i o n  c o n c e r n s  t h e  compar ison  of t h e  

e m i s s i v i t y  t o  be  e x p e c t e d  f rom the  spec t rum of s econda ry  

e l e c t r o n s  o n l y  and t h e  e m i s s i v i t y  deduced f r o m  t h e  r a d i o  

measurements .  The l i m i t s  on t h e  e m i s s i v i t y  f rom t h e  secondary  

s p e c t r a  c a l c u l a t e d  by Ramaty and L i n g e n f e l t e r  (1965)  f o r  

p a s s a g e  of  cosmic r a y  n u c l e i  t h rough  3"cm2 and 6'/cm2 

m a t e r i a l  a r e  shown i n  F i g u r e  9 .  If t h e  r a d i o  e m i s s i o n  f rom 

t h e s e  secondary  e l e c t r o n s  were t o  exceed  t h e  measured e m i s s i o n  

t h i s  would b e  s u g g e s t i v e  t h a t  one of t h e  a rgumen t s  r e l a t i n g  t o  

t h e  compar ison  w a s  i n c o r r e c t  (e.g. t h e  i n t e r s t e l l a r  magnet ic  

f i e l d  > 8 p G ,  o r  t h e  p a t h  l e n g t h  f o r  cosmic r a y  n u c l e i  <3g/cm . 

of 

2 

However t h e  s i t u a t i o n  i s  such t h a t  t h e  r a d i o  e m i s s i o n  from 

s e c o n d a r y  e l e c t r o n s  a l o n e  does  not exceed  t h e  measured e m i s s i o n ,  

a l t h o u g h  i t  i s  becoming an  i n c r e a s i n g l y  g r e a t e r  f r a c t i o n  of  i t  

as  one g o e s  t o  l o w e r  f r e q u e n c i e s .  

THE R A D I O  SPECTRUM BELOW 1 0  MHz AND THE 

INTERSTELLAR ELECTRON SPECTRUM AT LOW ENERGIES 

-I_- 

-----u- ------- 
The i n t e r p r e t a t i o n  of  t h e  g a l a c t i c  r a d i o  spec t rum below 

I O  MHz i s  t r e a t e d  s e p a r a t e l y  f rom t h e  h i g h  f r e q u e n c y  p a r t  of 

t h e  spec t rum f o r  two r e a s o n s .  First, t h e u n c e r t a i n t i e s  i n  t h e  

I 

I measured r a d i o  e m i s s i o n  a r e  much l a r g e r  a t  t h e s e  f r e q u e n c i e s  - 
p a r t i c u l a r l y  i n  t h e  p o l a r  d i r e c t i o n .  Second,  t h e  e f f e c t s  of 

a b s o r p t i o n  by i o n i z e d  hydrogen i n  t h e  disl: 0.2 :;he g a l a x y  
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become i m p o r t a n t  a t  t h e s e  f r e q u e n c i e s  and t e n d  t o  i n f l u e n c e  

t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s ,  

I The e x p e r i m e n t a l  s i t u a t i o n  below 1 0  MHz i n  t h e  c e n t e r ,  

a n t i c e n t e r  and p o l a r  d i r e c t i o n s  i s  summarized i n  F i g u r e  1 0 .  

The i n t e n s i t y  v s  f r e q u e n c y  p r o f i l e s  f o r  t h e  c e n t e r  and a n t i -  

I c e n t e r  d i r e c t i o n s  a r e  t a k e n  from F i g u r e  5 *  The d a t a  below 

1 0  MHz i n  t h e s e  d i r e c t i o n s  i s  almost e n t i r e l y  due t o  E l l i s  

, and co-workers  a t  Hobar t .  

The s i t u a t i o n  i n  t h e  p o l a r  d i r e c t i o n s  i s  u n f o r t u n a t e l y  

I n o t  d e c i s i v e  f rom t h e  p o i n t  of view of t r y i n g  t o  d e t e r m i n e  a 

I r a d i o  spec t rum.  The obvious  d i f f e r e n c e s  i n  t h e  measurements 

do n o t  seem t o  be c l e a r l y  r e l a t e d  t o  whe the r  t h e  measurements 

a r e  made f r o m  t h e  ground,  where i o n o s p h e r i c  a b s o r p t i o n  c o u l d  

p l a y  an  i m p o r t a n t  r o l e ,  o r  f rom s a t e l l i t e s  where c a l i b r a t i o n  

d i f f i c u l t i e s  a r e  e n c o u n t e r e d ,  For example,  t h e  p o l a r  i n t e n -  

s i t i e s  measured f rom t h e  ground by P a r a s a r a t h y  (1967)  and by  

Ellis (1965)  d i f f e r  by  a f a c t o r  of more t h a n  2 a t  5 and 1 0  MHz 

I and have q u i t e  a d i f f e r e n t  s l o p e  a t  t h e  l o w e r  f r e q u e n c i e s .  
I 
I 

There  i s  some e v i d e n c e  f rom s a t e l l i t e  o b s e r v a t i o n s ,  Har t z  ( 1 9 6 4 ) ,  
I t h a t  e m i s s i o n  from t h e  s o u t h  p o l a r  r e g i o n s  i s  g r e a t e r  t h a n  f rom 

t h e  n o r t h  p o l a r  r e g i o n  a t  l o w  f r e q u e n c i e s .  T h i s  might a c c o u n t  

f o r  some of t h e  d i f f e r e n e e  between t h e  two ground b a s e d  o b s e r v -  

a t i o n s  a l t h o u g h  i t  s h o u l d  be r e c a l l e d  t h a t  no d i f f e r e n c e  

be tween s o u t h  p o l a r  and  n o r t h  p o l a r  r a d i o  i n t e n s i t i e s  
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i s  n o t i c e d  above 10  MHz. The r e a d e r  i s  r e f e r r e d  t o  a more 

t h o r o u g h  d i s c u s s i o n  of t h e  p o s s i b l e  n o r t h - s o u t h  d i f f e r e n c e s  

by Andrew (1966), 

The s i t u a t i o n  r e g a r d i n g  t h e  agreement be tween t h e  i n d i v i d -  

u a l  s a t e l l i t e  measurements  below 5 MHz i s  e q u a l l y  uncomfor tab le .  

It i s  not  o u r  p u r p o s e  h e r e  t o  a t t e m p t  t o  r e s o l v e  t h e s e  d i f f e r -  

e n c e s  b u t  ma in ly  t o  t r y  and  de te rmine  an a p p l i c a b l e  spec t rum 

o f  r a d i o  e m i s s i o n  i n  t h e  p o l a r  d i r e c t i o n .  To b e  r e a l i s t i c  

such  a spec t rum must encompass t h e  shaded  r e g i o n  i n  F i g u r e  1 0 ,  

and i s  w e l l  d e t e r m i n e d  above 1 0  MHa by t h e  d a t a  a l r e a d y  p r e s e n t -  

ed  i n  F i g u r e  46 

The p o l a r  spec t rum t h a t  we shal l  a d a p t  i s  a smooth c u r v e  

drawn t h r o u g h  t h e  c e n t e r  o f  t h e  shaded r e g i o n  i n  F i g u r e  10 .  

T h i s  p o l a r  spec t rum i s  now shown a g a i n  i n  F i g u r e  11 a l o n g  w i t h  

t h e  s p e c t r a  i n  t h e  d i r e c t i o n s  o f  the  g a l a c t i c  c e n t e r  and a n t i -  

c e n t e r .  It i s  o b v i o u s  t h a t  t h e  s p e c t r a  i n  t h e  c e n t e r  and a n t i -  

c e n t e r  d i r e c t i o n s  a r e  t u r n i n g  o v e r  a t  low f r e q u e n c i e s  a s  a 

r e s u l t  of a b s o r p t i o n  i n  i n t e r s t e l l a r  i o n i z e d  hydrogen.  The 

same e f f e c t  may a l s o  b e  o c c u r r i n g  i n  t h e  spec t rum i n  t h e  p o l a r  

d i r e c t i o n  b u t  i t  i s  much l e s s  e v i d e n t .  I n  f a c t ,  as h a s  been  

emphas ized  e a r l i e r ,  t h i s  f l a t t e n i n g  c o u l d  b e  d i r e c t l y  r e l a t e d  

t o  t h e  f l a t t e n i n g  o f  t h e  low energy e l e c t r o n  speot rum.  

It i s  conven ien t  a t  t h i s  p o i n t  t o  i n t r o d u c e  t h e  c o n c e p t  

of a " p r o j e c t e d "  r a d i o  i n t e n s i t y  o r  b r i g h t n e s s .  T h i s  i n t e n s i t y  

i s  d e f i n e d  a s  t h a t  t o  b e  e x p e c t e d  i n  a p a r t i c u l a r  d i r e c t i o n  i n  



-30- 

t h e  absence  of a b s o r p t i o n  b y  i o n i z e d  hydrogen .  As a r e s u l t  i t  

1 

2 MHs a b s o r p t i o n  e f f e c t s  i n  t h e  p o l a r  d i r e c t i o n  a r e  i n  f a c t  

i s  d i r e c t l y  r e l a t e d  t o  t r u e  l o c a l  e m i s s i v i t y  i n  t h a t  d i r e c t i o n .  

Two p o s s i b i l i t i e s  f o r  t h e  spectrum o f  " p r o j e c t e d "  i n t e n s i t y  

( e m i s s i v i t y )  w i l l  be c o n s i d e r e d .  Fo r  t h e  f i r s t  we s h a l l  

I u t i l i z e  t h e  f a c t  t h a t  t h e  s p e c t r a  i n  b o t h  t h e  c e n t e r  and a n t i -  
I 
I c e n t e r  d i r e c t i o n s  a r e  N v a t  h i g h e r  f r e q u e n c i e s  where -0.6 

a b s o r p t i o n  e f f e c t s  a r e  n e g l i g i b l e  and w r i t e  f o r  t h e  t t p r o j e c t e d n  

i n t e n s i t y  

I where LJ i s  a f r e q u e n c y  where a b s o r p t i o n  e f f e c t s  a r e  n e g l i g i b l e .  

" P r o j e c t e d "  i n t e n s i t y  s p e c t r a  acco rd ing  t o  t h i s  r e l a t i o n  a r e  

shown i n  F i g u r e  11, i n  t h e  c e n t e r  and a n t i - c e n t e r  d i r e c t i o n s .  

Komesaroff ( 1 9 6 1 )  h a s  i n t r o d u c e d  a s i m i l a r  concep t  t o  examine 

t h e  e f f e c t s  of  a b s o r p t i o n  i n  t h e  d i r e c t i o n  of t h e  g a l a c t i c  

c e n t e r ,  and h a s  used  a n  i d e n t i c a l  s p e c t r a l  i n d e x  f o r  t h e  

" p r o j e c t e d "  i n t e n s i t y ,  

I 0 

I b e  t h e  " p r o j e c t e d "  i n t e n s i t y  spectrum a s  w e l l .  I n  o t h e r  words 

we s h a l l  make an  i m p o r t a n t  d e p a r t u r e  f rom e a r l i e r  work and 

a l l o w  t h e  i n t r i n s i c  e m i s s i v i t y  spectrum i t s e l f  t o  f l a t t e n  a t  

low f r e q u e n c i e s .  The j u s t i f i c a t i o n  f o r  t h i s  i s ,  of  c o u r s e ,  

t h e  i n d i c a t i o n  t h a t  t h e  e l e c t r o n  spec t rum may a l s o  f l a t t e n  
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a t  low e n e r g i e s .  The c o r r e s p o n d i n g  " p r o j e c t e d "  s p e c t r a  i n  

t h e  c e n t e r  and  a n t i - c e n t e r  d i r e c t i o n s  a r e  shown a s  c u r v e s  2a  

and  2b i n  F i g u r e  11 .  

L e t  u s  now c o n s i d e r  i n  some d e t a i l  t h e  e f f e c t s  of  

a b s o r p t i o n  by i o n i z e d  hydrogen .  The c o e f f i c i e n t  of  i n t e r -  

s t e l l a r  a b s o r p t i o n  by t h e  f r e e - f r e e  p r o c e s s  i n  t h e  r a d i o  

r e g i o n  i s  (Ginzburg ,  1 9 6 1 )  

N b e i n g  t h e  e l e c t r o n  d e n s i t y  i n  c g s  u n i t s  and g a q u a n t i t y  e 

= [17.7 + Ln (-- . F o r  f r e q u e n c i e s  N N I MHz and e f f e c t i v e  

18. The e l e c t r o n  
V 

t e m p e r a t u r e s  be tween  IO3 and  I O  4 0  K ,  g i s  

t e m p e r a t u r e  a s s o c i a t e d  w i t h  t h e  i o n i z e d  hydrogen  i s  u s u a l l y  

t a k e n  t o  be  IO' O K  s o  t h a t  
z 

Kv = 2.5 x 10 - I 9  (5) 
The o p t i c a l  d e p t h  i s  

7 = / ~ , , d r  

F o r  t h e  u s u a l  c a s e  where Kv i s  t a k e n  n o t  t o  v a r y  w i t h  d i s t a n c e  

and  i n t e g r a t i n g  o v e r  a d i s t a n c e  o f  1 pc 
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2 
D e f i n i n g  a q u a n t i t y  c a l l e d  t h e  emis s ion  measure E = N e  L 

a = oe75 E 7 
v 

-6 
(cm p c >  

For  examining t h e  e f f e c t s  af a b s o r p t i o n  we may c o n s i d e r  

two s i m p l i f i e d  g a l a c t i c  models .  I n  t h e  f i r s t  i n s t a n c e  i t  i s  

assumed t h a t  a l l  of t h e  H l i e s  between t h e  o b s e r v e r  and t h e  

non- thermal  r e g i o n .  I n  t h i s  c a s e  

I1 

I n  F i g u r e  1 2  w e  shaw t h e  r a t i o s  o f  I(v)/ 9 ( u )  i n  t h e  c e n t e r  

and a n t i - c e n t e r  d i r e c t i o n s  deduced from t h e  measured v a l u e s  o f  

I ( v )  and f o r  t h e  two as sumpt ions  r e g a r d i n g  t h e  spec t rum o f  

t h e  " p r o j e c t e d "  e m i s s i o n  g ( ~ ) ~  The v a l u e s  f o r  I ( u ) /  $ ( v )  

e x p e o t e d  on t h e  b a s i s  of  model I a r e  also shown i n  t h e  F i g u r e ,  

- n o r m a l i z e d  a t  v a l u e s  of a = 4 ,  Model 1 g i v e s  a v e r y  poor  f i t  

t o  t h e  d a t a ,  p r e d i c t i n g  a much more r a p i d  c u t - o f f  of I(u) t h a n  

i s  a c t u a l l y  o b s e r v e d e  

Model I may be  more r e a s o n a b l y  a p p l i e d  t o  t h e  d a t a  i n  t h e  

p o l a r  d i r e c t i o n  if i t  i s  assumed t h a t  most of  t h e  e m i s s i o n  i n  

t h i s  d i r e e t i o n  comes f rom beyond t h e  d i s k ,  The c r u c i a l  

q u e s t i o n  is: 

i t  i s  t a k e n  t o  b e  a s i m p l e  e x t e n s i o n  of t h e  spec t rum I (v) -v -0.6 
what i s  t h e  spec t rum $(v) i n  t h i s  d i r e c t i o n ?  If 

measured a t  h i g h e r  e n e r g i e s ,  a i s  c o m p a r a t i v e l y  l a r g e ,  b e i n g  

-1.5 a t  1 MHz, (e .g .  Hoyle and  Ellis 1963). The co r re spond-  

i n g  e m i s s i o n  measure i s  t h e n  
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-6 

2cm pop The i m p l i c a t i o n s  of t h i s  _. e m i s s i o n  measure i n  

t h e  p o l a r  d i r e c t i o n s  have been d i s o u s s e d  by E l l i s  and Hamil ton  

(1966)  who a t t r i b u t e  i t  t o  a b s o r p t i o n  i n  i n t e r s t e l l a r  H and I1 

~ 

by Lencheck (1964) and  by  Alexander  and S t o n e  (1965) who have 

a t t r i b u t e d  t h i s  a b s o r p t i o n  t o  t h e  s o l a r  HII r e g i o n .  I 

The t u r n - o v e r  of t h e  t o t a l  p o l a r  spec t rum a t  low 

I f r e q u e n c i e s  i s  t o t a l l y  u n l i k e  t h a t  t o  b e  e x p e o t e d  on t h e  

b a s i s  of Model I, however. I n  f a c t  down t o  -2 MHz i t  f o l l o w s  

e x a c t l y  t h e  form t o  b e  e x p e c t e d  if t h e  s p e c t r u m  of e l e c t r o n s  

p r o d u c i n g  t h e  e m i s s i o n  i s  i t s e l f  t u r n i n g  o v e r .  Only b e l o w  

I 

I 2 MHz may t h e  s u g g e s t e d  f a l l  o f f  o f  t h e  t o t a l  p o l a r  spec t rum 

b e g i n  t o  i n d i c a t e  t h e  e f f e c t s  of  HII a b s o r p t i o n  between t h e  

e m i s s i o n  and t h e  sou rce .  If one assumes t h i s  f l a t t e n e d  spec -  

t rum does i n  f a c t  r e semble  s ( ~ )  
T c a n n o t  b e  g r e a t e r  t h a n  abou t  0 . 3  a t  1 MHz. The c o r r e s p o n d i n g  

e m i s s i o n  measure i s  - 0.4 cm p c  - a n  o r d e r  of magnitude l e s s  

a s  we have e a r l i e r ,  t h e n  

-6 

t h a n  p r e v i o u s l y  assumed! 

I n  model I1 we s h a l l  consider t h a t  non- thermal  e m i s s i o n  
l 

I a n d  a b s o r p t i o n  by  i n t e r s t e l l a r  H o c c u r  c o n t i n u o u s l y  a l o n g  

I t h e  l i n e  of s i g h t  and t h a t  t h e  r a t i o  o f  t h e s e  two q u a n t i t i e s  

I1 

l and t h e  q u a n t i t i e s  t h e m s e l v e s  a r e  c o n s t a n t .  T h i s  more c l o s e l y  

a p p r o x i m a t e s  c o n d i t i o n s  i n  t h e  g a l a c t i c  [ d i s k ,  a l t h o u g h  i t  is 

* From a d e t a i l e d  s t u d y  of l ow f r e q u e n c y  b r i g h t n e s s  p r o f i l e s  

E l l i s  and Hamil ton  (1966)  have d e r i v e d  a n  e m i s s i o n  measure 

= 8cm -6 pc ,  f o r  bn= 60'. 
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s t i l l  a v e r y  s i m p l i f i e d  p i c t u r e .  W e  know f rom o u r  e a r l i e r  

d i s c u s s i o n  t h a t  e ( v )  i s  c e r t a i n l y  a f u n c t i o n  of d i s t a n c e  a t  

l e a s t  w i t h i n  1 0  Kpc of t h e  g a l a c t i c  c e n t e r .  F u r t h e r  i t  might  

be  e x p e c t e d  t h a t  r e g i o n s  of  h i g h  a b s o r p t i o n  would b e  r e l a t e d  

t o  t h e  r e g i o n s  of  h i g h  e m i s s i o n  ( e . g .  F i g u r e  2 of Smi th ,  1 9 6 5 )  

a l t h o u g h  a s t r i c t  c o n s t a n c y  of t h e  r a t i o  of  t h e s e  q u a n t i t i e s  

s h o u l d  n o t  b e  e x p e c t e d ,  A t  any r a t e  unde r  t h e  s i m p l i f i e d  

a s sumpt ions  of model I1 w e  have 

2 Note  t h a t  f o r  a Y  E KvL >> I, I ( v ) / 9 ( v )  ", v . 
The c a l c u l a t e d  r a t i o s  I ( v ) /  $ ( v )  for 7 f 600 a t  1 MHz i n  

t h e  d i r e c t i o n  of  t h e  g a l a c t i c  c e n t e r  and T = 40 a t  1 MHz i n  

t h e  d i r e c t i o n  of t h e  a n t i - c e n t e r  a r e  shown i n  F i g u r e  1 2 .  

These c u r v e s  p r o v i d e  a much b e t t e r  f i t  t o  t h e  d a t a  a l t h o u g h  

t h e r e  i s  e v i d e n c e  t h a t  t h e  r e a l  I(v) i s  d e c r e a s i n g  somewhat 

less r a p i d l y  w i t h  f r e q u e n c y  t h a n  e x p e c t e d  on t h e  b a s i s  of 

Model 11. 

The c a l c u l a t e d  r a t i o s  co r re spond  t o  e m i s s i o n  measures  

-6  -6 800 cm p c  and 53 cm pc  r e s p e c t i v e l y * .  If t h e  a n a l y s i s  i n  

* Komesaroff (1961) h a s  t y p i c a l l y  o b t a i n e d  v a l u e s  of T I O  a t  
20 MHz c o r r e s p o n d i n g  t o  N 4000 a t  I MHz i n  t h e  d i r e c t i o n  o f  
t h e  g a l a c t i c  c e n t e r  - a f a c t o r  of 10 l a r g e r  t h a n  we obtaf in .  
However o u r  r e s u l t s  r e p r e s e n t  an  a v e r a g e  o v e r  a band + 2 on 
e i t h e r  s i d e  of  t h e  g a l a c t i c  equg to r .  The v a l u e  o b t a i z e d  by 
Komesaroff a p p l i e s  w i t h i n  2 0.5 o f  t h e  e q u a t o r  and he f i n d s  
a d e g r e a s e  o f  an o r d e r  of magnitude i n  t h e  o p t i c a l  d e p t h  o n l y  
3'-4 off t h e  e q u a t o r .  The two r e s u l t  a r e  i n  f a c t o i n  r e a s o n  
a b l e  a c c o r d  as i s  t h e  v a l u e  of 1 6 5  cm-'pc f o r  b = 5 o b t a i n e d  
b y  E l l i s  and Hamil ton  (1966). 
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t h e s e  two d i r e c t i o n s  i s  t o  b e  c o n s i s t e n t  t h e  r a t i o  of  e m i s s i o n  

measures  shou ld  b e  a p p r o x i m a t e l y  1 O : l  ( c o r r e s p o n d i n g  t o  t h e  

f a c t  t h a t  L ,  t h e  t o t a l  p a t h  l e n g t h  i s  5 t i m e s  l o n g e r  i n  t h e  

d i r e c t i o n  of t h e  g a l a c t i c  s e n t e r  and t h e  a v e r a g e  e m i s s i v i t y  

i n  t h i s  d i r e c t i o n  i s  a f a c t o r  of t w o  l a r g e r  - t h a t  i s  t o  

say s imply  t h e  r a t i o  I (eentre)/Iv(anti-center) a t  h i g h  

f r e q u e n c i e s ) .  The r a t i o  of -15 o b t a i n e d  above i s  i n d e e d  

r e a s o n a b l e  w i t h i n  t h e  aoeuracy  of t h e  I ( v ) / y ( v )  c u r v e s  

p a r t i c u l a r l y  s i n c e  a c l o s e  i n s p e c t i o n  of  F i g u r e  12 r e v e a l s  

V 

I 

t h a t  t h e  c a l c u l a t e d  c u r v e s  may b e  a d j u s t e d  t o  g i v e  t h e  e x p e c t -  

ed  r a t i o  of  10 and s t i l l  p r o v i d e  a r e a s o n a b l e  f i t  t o  t h e  

measured d a t a .  The i m p o r t a n t  p o i n t  t o  n o t e  h e r e  i s  t h a t  a 

r a d i a l  dependence of  e ( v ) ~  which s u r e l y  e x i s t s ,  w i l l  n o t  

a f f e c t  t h e  shape  o f  t h e  s e p a r a t e  I ( v ) / $ ( v )  c u r v e s  b u t  w i l l  

o n l y  e n t e r  i n t o  t h e  r a t i o  o f  t h e  e m i s s i o n  measures  c a l c u l a t e d  

i n  t h e  c e n t e r  and a n t i - c e n t e r  d i r e c t i o n s  a s  l ong  as t h e  r a t i o  

e ( v ) / K v  r ema ins  c o n s t a n t ,  The o n l y  way t h e  shape of t h e  

I ( v ) /  e ( v )  c u r v e s  t h e m s e l v e s  c a n  be v a r i e d  i s  t o  assume t h a t  

e ( v ) / K v  v a r i e s  w i t h  d i s t a n c e ,  

c u r v e s  c a l c u l a t e d  on t h e  b a s i s  of  Model I1 and t h o s e  deduced 

A comparison of  t h e  I(v)/ $(v) 

f r o m  t h e  measurements  r e v e a l s  t h a t  e ( v ) / K v  must vary  i n  such  

a way t h a t  e ( v ) / K v  becomes l a r g e r  n e a r  t h e  sun. That  i s  t o  

say r a d i o  e m i s s i o n  f rom e l e c t r o n s  i s  r e l a t i v e l y  more i m p o r t -  

a n t  t h a n  a b s o r p t i o n  e f f e c t s  f rom i n t e r s t e l l a r  H i n  t h e  

l o c a l  env i ronmen t ,  as compared wi th  t h e  a v e r a g e  a l o n g  a l i n e  
I1 
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of  s i g h t  i n  e i t h e r  t h e  c e n t e r  o r  a n t i - c e n t e r  d i r e c t i o n s .  

Obv ious ly  by choos ing  t h e  p r o p e r  v a r i a t i o n  of t h e  r a t i o  

of e ( v ) / K u  i t  i s  p o s s i b l e  t o  reproduce  e i t h e r  c u r v e s  one o r  

two i n  F i g u r e  1 2 ,  As a r e s u l t  t h i s  compar ison  i s  unab le  t o  

p r o v i d e  a s e p a r a t e  i n d i c a t i o n  as t o  t h e  a c t u a l  f o r m  o f  I ( u )  

a t  low f r e q u e n c i e s ,  To do t h i s  we must compare e ( u )  w i t h  

I 

1 
I t h e  v a r i o u s  p o s s i b l e  i n t e r s t e l l a r  e l e c t r o n  s p e c t r a  a s  w i l l  

I b e  done i n  t h e  f o l l o w i n g  s e c t i o n ,  

T h i s  approach  d o e s  emphasize,  howe.rer how i m p o r t a n t l y  

o u r  c o n c l u s i o n s  r e g a r d i n g  t h e  t y p i c a l  e l e c t r o n  d e n s i t i e s  i n  

I t h e  HII r e g i o n s  depend on  t h e  assumed shape  of t h e  " p r o j e c t e d "  

b r i g h t n e s s  spec t rum a t  l ow f r e q u e n c i e s .  F o r  example,  t h e  

v a l u e s  of e m i s s i o n  measure i n  t h e  c e n t e r  and  a n t i - c e n t e r  

d i r e c t i o n s  i n d i c a t e  an a v e r a g e  e l e c t r o n  d e n s i t y  -0.1 O/cm 

i n  i n t e r s t e l l a r  s p a c e  n e a r  t h e  sun. The e m i s s i o n  measure of 

2 cm p c  o b t a i n e d  e a r l i e r  i n  t h e  p o l a r  d i r e c t i o n  when t a k e n  

I 3 

-6  

~ 

w i t h  t h i s  e l e c t r o n  d e n s i t y  g i v e s  a d i s c  s e m i - t h i c k n e s s  of 

I Z 200 p c ,  whereas  i f  t h e  s m a l l e r  p o l a r  e m i s s i o n  measure of 

I -6 
I 

0.5 cm p c  i s  t a k e n  t h e  d i s c  s e m i - t h i c k n e s s  i s  e f f e c t i v e l y  

only 40 pc  ( t h e  a b s o r p t i o n  i s  assumed t o  be  i n t e r s t e l l a r  

r a t h e r  t h a n  f rom a s o l a r  H r e g i o n ) .  From t h e  p o i n t  o f  

view of r a d i o  e m i s s i o n  t h e  c h a r a c t e r i s t i c  s e m i - t h i c k n e s s  o f  t h e  
I1 

d i s k  i s  u s u a l l y  t a k e n  t o  be N 300-400 p c .  Conver se ly ,  t a k i n g  

t h i s  s e m i - t h i c k n e s s  as  t h e  r e g i o n  i n  which a b s o r p t i o n  o c c u r s  
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g i v e s  e l e c t r o n  d e n s i t i e s  of O.o5/cm3 and  0.01/cm3 r e s p e c t i v e l y  

f o r  t h e  t w o  v a l u e s  of e m i s s i o n  measure.  These t w o  v i e w p o i n t s  

c a n  b e  i n t e r p r e t e d  i n  t e r m s  of a p a u c i t y  o f  a b s o r p t i o n  

r e l a t i v e  t o  e m i s s i o n  and  may r e f l e c t  t h e  p o i n t  we have  

deduced  a l r e a d y  f rom t h e  I ( L J ) / ~ ( ( v )  c u r v e s ,  namely t h a t  t h e  

s u n  i s  i n  a r e g i o n  o f  r e l a t i v e l y  low r a d i o  a b s o r p t i o n .  

L e t  u s  now s e e  what a compar ison  o f  t h e  i n t e r s t e l l a r  

e l e c t r o n  s p e c t r u m  w i t h  t h e  low f r e q u e n c y  r a d i o  e m i s s i v i t y  

t e l l s  u s .  The low f r e q u e n c y  r a d i o  e m i s s i v i t y  i s  o b t a i n e d  i n  

e x a c t l y  t h e  same manner as  b e f o r e  and u s i n g  t h e  same dependence  

o f  e ( v )  o n  r as  a t  h i g h e r  f r e q u e n c i e s  e x c e p t  we now have  t h e  

p o s s i b i l i t y  o f  u s i n g  t w o  c u r v e s  f o r  t h e  " p r o j e c t e d t t  i n t e n s i t y  

% ( v )  which i s  u s e d  i n  c a l c u l a t i n g  ~ ( L J ) .  These  a r e  t h e  

c u r v e s  (I) and  (2) i n  F i g u r e  I?. The c o r r e s p o n d i n g  low 

f r e q u e n c y  e m i s s i v i t y  p r o f i l e s  a r e  shown i n  F i g u r e  1 J 9  and  a r e  

s i m p l y  a n  e x t e n s i o n  of t h e  p r o f i l e  p r e s e n t e d  i n  F i g u r e  9 .  

The e x p e c t e d  e m i s s i v i t y  for v a r i o u s  i n t e r s t e l l a r  e l e c t r o n  

s p e c t r a  i s  a l s o  shown i n  F i g u r e  1 3  a g a i n  f o r  a l o c a l  m a g n e t i c  

f i e l d  of  8 . ~ 6 .  The manner i n  which t h i s  e m i s s i v i t y  s c a l e s  

w i t h  B,, a n d  t h e  c o r r e s p o n d i n g  e l e c t r o n  e n e r g i e s  a r e  a l s o  

shown i n  t h e  F i g u r e .  It i s  s e e n  t h a t  t h e  e x p e c t e d  e m i s s i v -  

i t y  f r o m  t h e  l o w  e n e r g y  e l e c t r o n  spec t rum measured n e a r  t h e  

e a r t h  i n  1 9 6 6  i s  a l m o s t  an  o r d e r  of magni tude  l e s s  t h a n  

a c t u a l l y  deduced .  I n  o r d e r  t o  p r o v i d e  s u r f  i c i e n t  e m i s s i v i t y  

f rom such  a low i n t e n s i t y  of e l e c t r o n s  t h e  l o c a l  m a g n e t i c  

f i e l d  i s  r e q u i r e d  t o  e x c e e d  2 0 v G Q  S i n c e  a f i e l d  as  l a r g e  
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as  t h i s  i s  h i g h l y  u n l i k e l y  s o l a r  modu la t ion  e f f e c t s  must b e  

d e p r e s s i n g  t h e  low e n e r g y  e l e c t r o n  spec t rum n e a r  t h e  e a r t h .  

E m i s s i v i t i e s  b a s e d  on  i n t e r s t e l l a r  e l e c t r o n  s p e c t r a  o b t a i n e d  

u s i n g  d e m o d u l a t i o n  c o n s t a n t s  = 0,6 and 1 . 0  BV a r e  i n  much 

b e t t e r  a c c o r d  w i t h  t h e  deduced e m i s s i v i t i e s .  The b e s t  

agreement  i s  o b t a i n e d  f o r  K - 0 , 7 5  BV, a n d  B, = 6 p G .  If R -  
KR = 0.6 BV t h e n  B, must b e  N 9pG whereas  i f  KR = 1 .0  BV 

t h e n  B, 4pG. 

N 

The c o r r e s p o n d e n c e  be tween t h e  s h a p e s  o f  t h e  e m i s s i v i t y  

s p e c t r a  a t  low f r e q u e n c i e s  s e t s  ve ry  s e v e r e  r e s t r a i n t s  on  t h e  

c h a r a c t e r i s t i c s  of t h e  e l e c t r o n  m o d u l a t i o n  a t  l o w  e n e r g i e s .  

Us ing  t h e  e n e r g y  dependence o f  t h e  m o d u l a t i o n  g i v e n  by Webber 

( 1 9 6 7 )  t h e  e m i s s i o n  f rom t h e  i n t e r s t e l l a r  e l e c t r o n  s p e c t r u m  

a l m o s t  e x a c t l y  r e p r o d u c e s  t h e  e m i s s i o n  p r o f i l e  b a s e d  on a 

“ p r o j e c t e d “  i n t e n s i t y  p r o f i l e  t h a t  f l a t t e n s  a t  l o w  f r e q u e n c i e s .  

T h i s  d o e s  n o t  p r o v e  t h a t  such  a p r o f i l e  i s  c o r r e c t  and t h e  

“ p r o j e c t e d “  i n t e n s i t y  p r o f i l e  based  on an  e x t e n s i o n  o f  t h e  

-0 .6  
V s p e c t r u m  measured  a t  h i g h e r  f r e q u e n c i e s  w i l l  a l s o  be  

s u i t a b l e  - p r o v i d e d  we assume a d i f f e r e n t  e l e c t r o n  m o d u l a t i o n  

a t  l o w e r  e n e r g i e s .  The l i m i t s  o n  t h e  i n t e r s t e l l a r  e l e c t r o n  

spec t rum a r e  r a t h e r  c l e a r l y  d e f i n e d  by  t h e  above compar i son ,  

however .  

The q u e s t i o n  of t h e  r a d i o  e m i s s i o n  a t  t h e s e  l o w  f r e q u e n -  

c i e s  from t h e  s e c o n d a r y  e l e c t r o n s  i s  a l s o  r e l e v a n t .  As i s  
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e v i d e n c e d  i n  F i g u r e  2 as w e l l  a s  F i g u r e  14,  i f  t h e  c a l c u l -  

a t i o n s  o f  t h e  s e c o n d a r y  e l e c t r o n  i n t e n s i t y  a r e  c o r r e c t ,  t h e n  

most of t h e  o b s e r v e d  low e n e r g y  e l e c t r o n s  must be  o f  

s e c o n d a r y  o r i g i n  i f  t h e  cosmic  r a y  n u c l e i  have  p a s s e d  t h r o u g h  

> 3g/cm2 o f  m a t t e r ,  The deduced  e m i s s i v i t y  a t  low f r e q u e n c i e s  

g 2  s e t s  a v e r y  p o s i t i v e  u p p e r  l i m i t  o f  < 6  /cm o f  m a t e r i a l  i f  

a l l  o f  t h e  low e n e r g y  e l e c t r o n s  a r e  s e c o n d a r i e s .  -- 

THE INTERSTELLAR PROTON SPECTRUM 
------------------I------ 

U t i l i z i n g  t h e  r e s i d u a l  modu la t ion  c o n s t a n t  of 0.75 BV 

d e r i v e d  f rom t h e  e l e c t r o n  d a t a  we may a t t e m p t  t o  d e t e r m i n e  t h e  

i n t e r s t e l l a r  p r o t o n  spec t rum,  As n o t e d  e a r l i e r ,  t h e  r i g i d i t y  

dependence  o f  t h e  p r o t o n  modu la t ion  h a s  been  more c o m p l e t e l y  

measured  (above  5 0  MeV = 0 , 3  BV r i g i d i t y )  t h a n  f o r  e l e c t r o n s ,  

however ,  t h e r e  i s  no d i r e c t  method a v a i l a b l e  t o  e s t i m a t e  t h e  

r e s i d u a l  s o l a r  m o d u l a t i o n  o f  t h e s e  p a r t i c l e s  f rom t h e  d a t a  on 

p r o t o n s  a l o n e  - hence  t h e  huge d i f f e r e n c e s  i n  t h e  e s t i m a t e s  o f  

t h e  u n n o d u l a t e d  ( i n t e r s t e l l a r )  p r o t o n  spec t rum.  A summary 

o f  v a r i o u s  e s t i m a t e s  i s  g i v e n  i n  F i g u r e  14. Here t h e  s u n s p o t  

minimum s p e c t r u m  i s  t a k e n  f rom t h e  work of  G l o e c k l e r  and 

J o k i p i i  (1967) .  Curves  1,2,3 and 4 r e p r e s e n t  v a r i o u s  e s t i m a t e s  

o f  t h e  i n t e r s t e l l a r  p r o t o n  spec t rum by  Hayakawa (1964)  

Balasubrahmanyan e t  e a l e  (1967)  , G l o e c k l e r  and J o k i p i i  (1967)  

a n d  Durgaprasad ,  F i c h t e l  and Guss (1967)  r e s p e c t i v e l y ,  

E s t i m a t e s  I and 2 a r e  b a s e d  p r i n c i p a l l y  on t h e  r e q u i r e m e n t  

---- 
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t h a t  t h e  r a t e  of e n e r g y  l o s s  by i o n i z a t i o n  of t h e s e  cosmic 

r a y  p r o t o n s  i s  s u f f i c i e n t  t o  maintain t h e  h e a t i n g  o f  i n t e r -  

s t e l l a r  HI c l o u d s  ( s e e  Balasubrahmanyan e t .  a l .  f o r  a d i s -  

c u s s i o n  of  t h i s  p rob lem) .  However, t h e s e  s p e c t r a  c o n t a i n  an  

e n e r g y  d e n s i t y  o f  cosmic rays - 5-lOev/ 3 a s  compared w i t h  

an  ene rgy  d e n s i t y  - 0.5ev/ 3 for t h e  s u n s p o t  minimum spec t rum 

n e a r  t h e  e a r t h .  T h i s  i n t e r ' s t e l l a r  e n e r g y  d e n s i t y  i s  e q u i v a l e n t  

cm 

c m  

~ 

t o  t h a t  c o n t a i n e d  i n  a magne t i c  f i e l d  - 2 0 ~ G  and a c c o r d i n g  

t o  P a r k e r  (1966) an  ene rgy  d e n s i t y  2 2ev/ 

l e a d s  t o  d i f f i c u l t i e s  i n  h o l d i n g  t o g e t h e r  t h e  combined mag- 

n e t i c  f i e l d  - cosmic r a y  sys tem i n  t h e  s p i r a l  arms by g r a v i t y ,  

3 f o r  cosmic r a y s  
cm 

I 

The c u r v e  3 i s  a c t u a l l y  o b t a i n e d  u s i n g  a r e s i d u a l  modul- 

a t i o n  c o n s t a n t  K - 0.9 BV and g i v e s  a more r e a s o n a b l e  cosmic 

r a y  ene rgy  d e n s i t y  - l e v /  3 i n  i n t e r s t e l l a r  space .  T h i s  

spec t rum i s  a l s o  s u f f i c i e n t  t o  produce t h e  r e q u i r e d  h e a t i n g  

of i n t e r s t e l l a r  H c l o u d s ,  acco rd ing  t o  Balasubrahmanyan e t .  

a l .  (1967) .  

R -  

cm 

I 

I 

Our e s t i m a t e  d i f f e r s  f rom t h a t  of G l o e c k l e r  and J o k i p i i  

(1967)  ( c u r v e  3)  i n  t h a t ;  (I) w e  have u s e d  a s l i g h t l y  s m a l l e r  

demodu la t ion  c o n s t a n t  as s u g g e s t e d  by  t h e  d a t a  on  e l e c t r o n s  

and (2) w e  have  used  a modula t ion  a t  l o w  e n e r g i e s  as 

i n d i c a t e d  by t h e  work of Ormes and Webber (1968) i n s t e a d  of  

a s t e e p e r  f u n c t i o n  more l i k e  ",P used  by G l o e c k l e r  and 

J o k i p i i  (1967) .  

Below 20 MeV no r e l i a b l e  measurements a r e  a v a i l a b l e  
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on  t h e  p r o t o n  modu la t ion  and  t h e r e  i s  v e r y  l i t t l e  d a t a  on 

t h e  p r o t o n  spec t rum i t s e l f .  Fan e t ,  a l e  (1965)  g i v e  some 

e v i d e n c e  t h a t  t h e  p r o t o n  spec t rum n e a r  t h e  e a r t h  b e g i n s  t o  

t u r n  up a t  e n e r g i e s  <20 MeV - as  r e p r e s e n t e d  by t h e  d a s h e d  

c u r v e  i n  F i g u r e  14. It i s  n o t  c l e a r  w h e t h e r  t h e s e  p r o t o n s  

a r e  o f  s o l a r  o r i g i n  o r  a r e  mere ly  a c o n t i n u a t i o n  of t h e  

h i g h e r  e n e r g y  p a r t  o f  t h e  spectrum r e a c h i n g  u s  f rom t h e  

g a l a x y .  Suppose w e  t a k e  t h e  l a t t e r  p o i n t  of view and 

suppose  a l s o  we assume t h a t  t h e  "/3 dependence o f  t h e  

modu la t ion  measured by Ormes and Webber (1968) f o r  p r o t o n s  

a t  i n t e r m e d i a t e  e n e r g i e s  e x t e n d s  t o  l o w e r  e n e r g i e s .  T h i s  

l a t t e r  a s sumpt ion  i s  s u p p o r t e d  by t h e  p r e v i o u s l y  d i s c u s s e d  

measurements  of  a '/a dependence f o r  t h e  e l e c t r o n  modu la t ion  

a t  e q u i v a l e n t  r i g i d i t i e s  (Webber 1967) .  The low e n e r g y  

i n t e r s t e l l a r  p r o t o n  spec t rum o b t a i n e d  by t h e  r e s u l t i n g  s o l a r  

demodu la t ion  i s  shown as t h e  upper dashed  c u r v e  i n  F i g u r e  14. 

T h i s  spec t rum s u p p l i e s  a comparable amount of h e a t i n g  t o  

i n t e r s t e l l a r  HI r e g i o n s  as do a p e o t r a  1, 2 and 3 9  a l b e i t  

f rom l o w e r  ene rgy  p r o t o n s  l o s i n g  energy  by i o n i z a t i o n  a t  a 

g r e a t e r  r a t e .  

The demodu la t ion  e f f e c t i v e l y  t r a n s f o r m s  a p r o t o n  spec t rum 
I /E3, one t h a t  i s  1 

E -- n e a r  t h e  e a r t h  t o  an i n t e r s t e l l a r  spec t rum 

v e r y  s i m i l a r  t o  t h a t  a c t u a l l y  observed  f o r  solar cosmic r a y s  n e a r  

t h e  e a r t h .  It i s  t h e r e f o r e  tempt ing  t o  a s k ,  c o u l d  such  a l o w  e n e r -  

gy component of i n t e r s t e l l a r  cosmic rays  be  produced  by s o l a r  t y p e  
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s t a r s  i n  t h e  g a l a x y ?  The answer ,  based  on o r d e r  o f  magni tude 

e s t i m a t e s  of number of p a r t i c l e s  e m i t t e d  a n d  t h e  e n e r g y  s p e c t r a  

i n v o l v e d  i s  y e s .  Cons ider  t h e  sun. E s t i m a t e s  o f  t h e  number of 

p a r t i c l e s  e m i t t e d  d u r i n g  s o l a r  cosmic r a y  e v e n t s  can b e  made on 

a number o f  g r o u n d s  ( e .g .  Webber, 1963)  and l e a d  t o  an ave rage  

r a t e  o f  emis s ion  - 1030-1031 p a r t i c l e s / s e c .  above a few MeV 

ave raged  o v e r  t h e  l a s t  : t e n  y e a r s .  Now i t  i s  n o t  c l e a r  what 

f r a c t i o n  of t h e s e  a c t u a l l y  escape  i n t o  i n t e r s t e l l a r  s p a c e ,  

however we may suppose t h a t  i t  i s  comparab le  t o  t h e  number 

I 1  e m i t t e d .  If t h e  f i g u r e  of I O  main sequence  s t a r s  s i m i l a r  

t o  t h e  sun  i s  t a k e n  f o r  o u r  ga laxy  we have  a t o t a l  e m i s s i o n  

of  low e n e r g y  cosmic rays  o f  - 10 

s o u r c e s .  The l i f e t i m e  of t h e s e  cosmic r a y s  i s  s h o r t ,  

- 3 x lo1’ s e c  f o r  nH - l /cm3,  as t h e y  r a p i d l y  l o s e  e n e r g y  

by i o n i z a t i o n  loss. The t o t a l  number i n  t h e  g a l a x y  a t  any 

one t ime i s  t h u s  - 3 x IO5 ‘  - 3 x 

t h e s e  p a r t i c l e s  w i l l  n o t  t r a v e l  f a r  f rom t h e i r  s o u r c e  of 

o r i g i n ,  b u t  w i l l  d i f f u s e  ma in ly  i n  t h e  d i s k  of t h e  g a l a x y .  

The volume i n  which t h e y  r e s i d e  i s  t h u s  -1066-10 

depend ing  how c l o s e l y  t h e y  a r e  conf ined  t o  t h e  s p i r a l  arms 

t h e m s e l v e s .  The d e n s i t y  p t h a t  c o u l d  be s u p p l i e d  by s o l a r  

41 42 -10 /set from such  

p a r t i c l e s .  Presumably  

67 3 cm - 

-1 1 -1 3 t y p e  s t a r s  t h u s  works o u t  t o  be 3 x I O  -3 x 10 

p a r t i c l e ~ / ~ ~ 3 .  

F i g u r e  14 i s  -3 x IO’” ~ a r t i c l e s / ~ ~ 3  above 5 MeV. 

The d e n s i t y  r e q u i r e d  b y  t h e  spec t rum i n  
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I 

The n e a r  e q u a l i t y  o f  t h e s e  numbers s u g g e s t s  t h e  p l a u s -  

I i b i l i t y  of such  a s o u r c e  f o r  p r o v i d i n g  a p rominen t  g a l a c t i c  

I spec t rum of low ene rgy  p a r t i c l e s .  
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I 

FIGURE CAPTIONS ------------ 
I F i g u r e  1 The e x t r a - t e r r e s t r i a l  e l e c t r o n  spec t rum i n  1966. 
I 

The measurements  of  Beedle and Webber (1967) and 

Webber (1968) a r e  shown a s  diamonds,  t h a t  of 

J o k i p i i , L ’ H e u r e u x  and Meyer (1967)  a s  a b a r  between 

1 5  and 240 MeV, L’Heureux (1967) a s  open c i r c l e s  

and  C l i n e  e t .  a l .  (1964) a s  c r o s s e s .  

F i g u r e  2 The e x t r a - t e r r e s t r i a l  e l e c t r o n  spec t rum i n  1966.  

A d d i t i o n a l  measurements of B leeke r  e t .  a l .  (1967)  

a r e  shown as t h e  (smoothed) beaded  l i n e ,  and 

I 

D a n i e l  and S t e p h e n s  (1966)  as a r e c t a n g l e .  The 

e x p e c t e d  f l u x  o f  secondary  e l e c t r o n s  a r i s i n g  f rom 

n u c l e a r  i n t e r a c t i o n s  of cosmic r a y  n u c l e i  i n  t h e  

g a l a x y  i s  shown a s  t h e  shaded  a r e a  f o r  p a s s a g e  of 

t h e s e  n u c l e i  t h r o u g h  l i m i t s  of 3 and gg/cm2 of 

hydrogen .  The i n t e r s t e l l a r  e l e c t r o n  s p e c t r a  

o b t a i n e d  u s i n g  s o l a r  demodula t ion  c o n s t a n t s  = 0.6 

and 1.0 BV a r e  shown as dashed  l i n e s .  

F i g u r e  3 Radio s y n c h r o t r o n  s p e c t r a  a s  a f u n c t i o n  of a=(”/vc), 

o b t a i n e d  f o r  an  e l e c t r o n  spec t rum g i v e n  by 

j ( E ) d E  = K e f o r  E’E, * Y and ( 1 )  j ( E ) d E  = O , E < E l  c l  *2.2 

j ( E ) d E  = e o n s t . ,  
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F i g u r e  4 Radio  b r i g h t n e s s  s p e c t r a  i n  t h e  d i r e c t i o n  o f  

t h e  n o r t h  g a l a c t i c  p o l e  and t h e  d i r e c t i o n  of 

minimum b r i g h t n e s s .  The e x t r a - g a l a c t i c  component 

deduced  by a number of  o b s e r v e r s  i s  a l s o  shown. 

F i g u r e  5 Radio  b r i g h t n e s s  s p e c t r a  i n  t h e  d i r e c t i o n  of 

t h e  g a l a c t i c  c e n t e r  and a n t i - c e n t e r  ( a s  d e f i n e d  

i n  t h e  t e x t ) .  The t o t a l  p o l a r  spec t rum i s  shown 

as  a r e f e r e n c e .  

F i g u r e  6 P o l a r  d i ag ram o f  r a d i o  e m i s s i o n  measured  a l o n g  

t h e  g a l a c t i c  p l a n e  w i t h  h i g h  r e s o l u t i o n  s u r v e y s .  

Data a t  6 f r e q u e n c i e s  a r e  shown - n o r m a l i z e d  i n  

t h e  a n t i - c e n t e r  d i r e c t i o n .  38 MHz, B l y t h e  (1957) 

0 - 0 - 0 - 0 ;  85 MHz, H i l l  e t .  a l .  (1958) 0 - 0 - 6  : 

178 MHz, T u r t l e  a n d  Baldwin (1962)  o o o o o o o ;  

404 MHz, P a u l i n y  T o t h  and S h a k e s h a f t  (1962)  -----; 

610 MHz, Moran (1964) Q b Q Q Q ;  1440 MHz, Mathewson 

e t .  a l .  (1962)  xxxxx. Curve A r e p r e s e n t s  t h e  

p o l a r  d i ag ram t o  b e  e x p e c t e d  i f  t h e  r a d i o  e m i s s i v -  

i t y  i s  un i fo rm t h r o u g h o u t  t h e  d i s k .  Curve B i s  

o b t a i n e d  f o r  t h e  r a d i a l  p r o f i l e  of e m i s s i v i t y  

g i v e n  i n  F i g u r e  7b. 
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F i g u r e  7a Schemat ic  r e p r e s e n t a t i o n  of g a l a c t i c  d i s k  

and h a l o .  

F i g u r e  7b R a d i a l  dependence o f  e m i s s i v i t y  i n  t h e  g a l a c t i c  

d i s k  r e q u i r e d  t o  produce p r o f i l e  B i n  F i g u r e  6 .  

F i g u r e  8 

F i g u r e  9 

Loca l  spec t rum o f  r a d i o  e m i s s i v i t y  f r o m  t h e  

g a l a c t i c  h a l o .  The maximum and minimum a l l o w a b l e  

e m i s s i v i t y  f o r  a uniform h a l o  a r e  a l s o  shown a s  

i s  t h e  h a l o  e m i s s i v i t y  a t  81 MHz deduced  by 

F e l t o n  (1966)  

Comparison of  t h e  l o c a l  d i s k  e m i s s i v i t y ,  shown 

a s  oooom, w i t h  t h e  e m i s s i v i t y  t o  b e  e x p e c t e d  f rom 

secondary  e l e c t r o n s  and; (1 ) e l e c t r o n  spec t rum 

measured a t  e a r t h  i n  1966;  ( 2 )  i n t e r s t e l l a r  

e l e c t r o n  spec t rum o b t a i n e d  w i t h  r e s i d u a l  modul- 

a t i o n  p a r a m e t e r  J 0 . 6  BV; ( 3 )  same w i t h  r e s i d -  

u a l  modu la t ion  parameter  = 1.0  BV. The manner 

i n  which c u r v e s ; ( l ) ,  (2) and ( 3 )  must b e  d i s -  

p l a c e d  f o r  d i f f e r e n t  g a l a c t i c  d i s k  magne t i e  

f i e l d  s t r e n g t h s  i s  shown a s  a r e  t h e  e q u i v a l e n t  

e l e c t r o n  e n e r g i e s .  



I F i g u r e  I O  

F i g u r e  11 
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Measurements of  r a d i o  b r i g h t n e s s  below 10 MHz 

i n  t h e  d i r e c t i o n  of t h e  g a l a c t i c  n o r t h  p o l e .  

The t o t a l  b r i g h t n e s s  i n  t h e  c e n t e r  and  a n t i -  

c e n t e r  d i r e c t i o n s  i s  a l s o  shown. 

A compar ison  of  r a d i o  b r i g h t n e s s  a t  l o w  f r e q u e n -  

o i e s  i n  t h e  p o l a r ,  a n t i - c e n t e r  and c e n t e r  d i r -  

e c t i o n s .  Curves l a  and I b  r e p - e s e n t  t h e n p r o j e c t -  

e d " b r i g h t n e s s  i n  t h e  c e n t e r  and a n t i - c e n t e r  

d i r e c t i o n s  under  t h e  c i r c u m s t a n c e s  of no a b s o r p -  

t i o n  b y  i o n i z e d  hydrogen and a volume e m i s s i v i t y  

E: ( v  )NU 

t h a t  t h e  volume e m i s s i v i t i e s  a r e  t a k e n  t o  have 

t h e  same spec t rum as t h e  t o t a l  p o l a r  b r i g h t n e s s .  

-0.6 
Curves 2 a  and 2b a r e  t h e  same e x c e p t  

F i g u r e  1 2  R a t i o  of measured b r i g h t n e s s  t o  "p ro jec t ed"  b r i g h t -  

n e s s  a s  a f u n c t i o n  of f r e q u e n c y .  Curves l a  and  

b and 2a and  b have t h e  same meaning a s  i n  

F i g u r e  lie D o t t e d  c u r v e s  a r e  t h e  r a t i o s  t o  b e  

e x p e c t e d  i f  model I f o r  a b s o r p t i o n  and e m i s s i o n  

a p p l i e s .  Dot-dash c u r v e s  a p p l y  t o  model 11. 
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F i g u r e  1 3  Comparison of l o c a l  d i s k  e m i s s i v i t y  deduced  a t  

low f r e q u e n c i e s  ( d o t t e d  c u r v e s )  w i t h  t h e  e m i s s i v -  

i t y  t o  b e  e x p e c t e d  f r o m ; ( l )  e l e c t r o n  speot rum 

measured a t  e a r t h  i n  1966;  (2) i n t e r s t e l l a r  

e l e c t r o n  spec t rum o b t a i n e d  w i t h  a r e s i d u a l  

modu la t ion  pa rame te r  = 0,6 BV; ( 3 )  same w i t h  

r e s i d u a l  modu la t ion  p a r a m e t e r  1 . 0  BV. The 

manner i n  which c u r v e s  ( I ) ,  (2) and ( 3 )  must 

b e  d i s p l a c e d  f o r  d i f f e r e n t  g a l a c t i c  d i s k  magnet ic  

f i e l d  s t r e n g t h s  i s  also shown. 

The r a n g e  o f  expec ted  e m i s s i o n  from s e c o n d a r y  

e l e c t r o n s  i s  shown a s  t h e  shaded  a r e a .  

I F i g u r e  14 I n t e r s t e l l a r  oosmic ray p r o t o n  spec t rum o b t a i n e d  

u s i n g  r e s i d u a l  modula t ion  p a r a m e t e r  = 0.75 BV. 

The spec t rum t a k e n  by Hayakawa (1963) i s  shown 

as ( 1 ) ;  t h a t  u sed  by Balasubrahmanyon e t .  a l .  

(1967) a8 (2); G l o e c k l e r  and J o k i p i i  (1967)  

a s  (3); and Durgaprasad e t ,  a l .  (1967)  a s  (4).  
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